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SECTION  1 
INTRODUCTION 


This  report  serves  to  document  a  multi-year  effort  that  die  Defense  Nuclear  Agency 
(DNA)  has  had  with  the  Oak  Ridge  National  Laboratory  (ORNL)  in  the  area  of 
magnetohydrodynamic  electromagnetic  pulse  (MHD-EMP)  interaction  with  ground-based 
facilities.  The  overall  goal  of  this  project  was  threefold:  to  develop  a  better  understanding  of 
the  effects  on  systems;  to  devdop  test  concepts  for  the  MHD-EMP  (also  referred  to  as  £3) 
environments;  and  to  devise  pro<:^on  methods  and  guiddines  fer  MHD-EMP. 

Under  the  provisions  of  this  contract,  a  number  of  rqxnts  documenting  different 
aspects  of  this  effort  have  been  published.  Reference  [1]  discusses  MHD-EMP  interaction 
with  the  dectrical  power  system  and  devdops  various  calculational  models  for  predicting  the 
levds  of  MHDEMP-induced  currents  in  long  lines.  This  reference  also  discusses  the  similarity 
between  the  £3  fidds  and  the  earth-induced  E-fidds  arising  from  a  solar  stomx  and  documents 
observed  effects  on  the  power  system  during  a  recent  storm. 

Reference  [2]  continues  with  discussions  of  MHDEMP  effects  on  the  dectrical  power 
system,  and  discusses  methods  of  mitigating  the  effects  of  this  environment.  In  addition, 
guiddines  for  testing  facilities  to  determine  the  effects  of  MHD-EMP  and  to  validate  the 
mitigation  methods  are  discussed. 

An  expeiimentai  program  for  determining  the  behavior  of  electrical  power  distribution 
transformers  was  conducted  under  this  effort,  and  is  documented  in  [3].  This  test  illustrated 
the  saturation  properties  of  distribution  transformers,  and  presents  data  on  the  consequent 
reactive  power  demand  on  generation  equipment.  A  second  experimental  program  for 
determining  £3  effects  on  a  large,  ground-based  facility  is  described  in  [4].  This  test  involved 
injecting  large  quasi-dc  currents  onto  the  exterior  of  the  fedlity  and  imo  the  electrical  power 
system  to  observe  possible  effects. 

In  addition  to  these  formal  reports,  three  technical  presentations  have  been  made  which 
stem  ffom  the  work  conducted  under  this  effort.  Presentations  [5],  [6],  and  [7]  described  the 
work  of  refs.  [1],  [2],  and  [3],  respectively. 

In  the  present  report,  the  important  techniques,  dMervatimu  and  conclusions  f  om 
these  previous  reports  are  summarized.  After  this  introductkm,  Section  2  briefly  discusse:  the 


1 


MHD-EMP  environment  used  for  these  studies.  As  this  effort  was  not  chartered  to  develop 
new  MHD-EMP  environments,  the  work  of  other  investigators  was  used  to  obtain  estimates  of 
the  earth-induced  E-fields.  Much  of  the  work  performed  in  this  study,  however,  is  insensitive 
to  the  details  of  the  E3  environmental  levels,  since  the  results  are  quoted  in  a  normalized 
manner. 

The  various  MHD-EMP  interaction  models  developed  and  used  in  this  study  are 
summarized  in  Section  3.  Due  to  the  low-frequency  nature  of  the  MHD-EMP  excitation 
(typically  below  1  Hz),  these  models  essentially  involve  dc  circuit  modeling  concepts. 
Complications  can  arise,  however,  when  electrically  complex  conducting  structures,  such  as  a 
three-phase  power  line  with  a  periodically  grounded  neutral  conductor,  are  considered. 

Section  4  summarizes  the  MHD-EMP  testing  issues  that  have  been  considered  under 
this  effort.  This  includes  the  development  of  test  concepts  and  recommendations,  and  the 
results  of  actual  E3  testing  of  facilities  and  transformers.  A  brief  summary  of  the  mitigation 
measures  appropriate  for  MHD-EMP  are  then  presented  in  Section  5. 

Section  6  concludes  this  report  with  a  summary  of  the  work  and  recommendations  for 
future  work  to  resolve  remaining  issues. 
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SECTION  2 

THE  MHD-EMP  ENVIRONMENT 


2.1  GENERAL. 

As  discussed  in  ref.  [8],  the  MHD-EMP  or  E3  environment  arises  from  a  variation  of 
the  earth's  nuignetic  field  caused  by  a  high-altitude  nuclear  detonation.  The  interaction  of  this 
time-varjdng  magnetic  flux  (B-field)  with  the  imperfectly  conducting  ground  causes  a  transient 
electric  field  to  be  induced  on  the  surface  of  the  earth,  in  a  manner  analogous  to  that  occurring 
in  a  geomagnetic  storm  [9].  For  a  transient  tangential  B-field  on  the  surface  of  a  homogenous 
,  earth,  the  corresponding  electric  field  tangential  to  the  earth  is  expressed  as 


E(t)  = 


1  r  1  aB(tO 
■y/ltaii  _*L>/t-  t'  5t' 


dt' 


(2-1) 


where  o  is  the  earth  electrical  conductivity  and  |i  =  47C  x  lO*”^  H/m  is  the  permeability  of  the 
soil  [8].  As  shown  in  Figure  2-1,  the  E-  and  B-fields  are  mutually  orthogonal  and  are  both 
parallel  to  the  earth's  surface.  The  time  variation  of  the  resulting  E3-field  is  much  slower  than 
the  early-time  Ej  HEMP  environment.  Typical  waveform  times  for  the  MHD-EMP 
environment  are  on  the  order  of  several  hundreds  of  seconds. 


Within  the  earth,  a  volume  current  density  J(t)  exists  and  is  related  to  the  electric  field 
within  the  earth  as  J(t)  =  a  E(t).  Both  of  these  time  domain  quantities  decay  in  amplitude  and 
become  temporally  smoother  at  locations  deep  within  the  earth.  In  the  frequency  domain,  the 
spectra  of  these  quantities  vary  exponentially  with  depth  into  the  earth  as  e*^  ,  where  5  is  the 
skin  depth  of  the  soil,  defined  as  6  =  1  /  -^Tcfpcr.  If  there  are  long  conductors  connected  to  the 
earth  at  two  or  more  points,  or  in  continuous  direct  contact  with  the  ground,  a  portion  of  this 
earth-induced  current  can  flow  into  the  conductors.  These  induced  currents  have  the  potential 
of  disrupting  electrical  power  systems  and  communications  systems,  and  are  the  focus  of  this 
study. 

The  E3  environment  may  be  divided  into  two  parts,  based  on  the  postulated 
mechanisms  of  production  [8].  The  first  part,  for  tbies  between  1  5 1  <  10  sec,  arises  from  the 
initial  nuclear  burst  and  its  interaction  with  the  earth's  magnetic  field.  This  part  is  referred  to  as 
the  blast-wave  component.  At  later  times  for  10  ^  t  <  500  sec,  a  second  contribution  to  the 
geomagnetic  field  variation  arises  due  to  the  late-time  atmospheric  heave. 
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Figura  2-1.  Ortentation  of  the  £•  and  B4ialds  at  tlio  aarth*air  intaifaco. 

The  preliminary  E3  environment  used  in  reft.  [8]  and  [10]  for  an  MHD-EMP 
atiessment  of  commercial  power  networks  was  based  on  esiy  mewiBTremftntg  of  the 
geomagnetic  fluctuations  measured  on  Jduuton  Island  during  the  r  isbbovd  test  series.  These 
measurements  were  used  in  coiqunctioa  with  the  MICE  computer  code  to  provide  a  numerical 
siinulation  of  the  time  development  of  the  disturbed  atmosphere,  as  described  in  ref  [11]. 

Recent  refinements  in  the  theory  of  MHD-EMP  production  have  led  to  an  alternate 
computer  model  for  predi^ing  the  blast-wave  environment  [12].  In  addition,  there  are  some 
prelimiiuuy  results  for  the  late-time  heave  compement  of  the  E3  environment.  This  work  has 
been  used  to  devdop  an  updated  conqxwte  MHD-EMP  environment,  which  can  be  used  to 
estimate  the  behavior  of  induced  currents  in  long  transmission  and  distribution  lines,  and  has 
been  used  in  refs.  [1]  and  [2]  for  studies  of  MHD-EMP  effects  on  electrical  power  systems. 

According  to  [12],  a  simplified  way  of  viewing  the  eariy-time.  blast-wave  E3 
environment  is  to  consider  a  quasi-static  problem  in  which  a  magnetic  dipole  moment  at  the 
burst  point  is  used  to  represent  a  perturbation  source  fi^r  the  geomagnetic  field.  This  dipole  is 
oriented  in  a  direction  opposing  the  earth's  nu^netic  fidd.  Bdow  this  dipole,  at  an  altitude  of 
about  110  km,  is  a  conducting  region,  oc  patch,  which  is  created  by  downward-streaming  x- 
rays  firom  the  detonation.  For  this  modd,  the  x-ray  patch  is  assumed  to  be  perfectly 
conducting,  with  no  penetration  by  the  eariy-time  magnetic  fidd.  However,  the  B-field  firom 
the  dipole  moment  does  reach  under  the  patch  flowmg  out  around  the  ends  of  tiie  patch  and 
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reconnecting  in  the  region  between  the  patdt  and  the  ground  In  some  of  the  MHD-EMP 
literature,  this  process  is  variously  described  as  "propagatjoa*  or  "(fiffiacdon,*  but  since  these 
are  nomixutlly  high>frequraicy  concepts  and  the  MHD-EMP  is  (piasHStadc  in  nature,  the  use  of 
these  terms  is  avoided. 

2^  SIMPLIFIED  MHD-EMP  ELECTRIC  FIELDS. 

For  studies  ofEs  effects  on  systems,  it  is  the  E-fie!dthat  is  of  prune  concern,  and  this 
can  be  computed  from  Eq.(2-1),  once  the  time  and  spatial  vniadon  of  the  B-field  is  known. 
Under  the  x-ray  patch,  the  blast-wave  E-fidd  is  obsened  to  be  smaller  than  outside  this 
shielded  region.  The  fidd  is  oriented  primaiity  in  the  west  east  directioa  and  does  not  appear 
to  vary  drasticaUy  with  position.  Outside  the  shielded  regua,  the  E-fidd  appears  to  fidl  off 
with  distance  away  fiom  the  burst,  with  the  largest  fidd  ocmning  just  outside  the  x-ray  shidd. 

For  the  purpose  of  estimating  the  coupling  of  MHD-EMP  environments  to  power 
systems,  several  different  E-fidd  waveforms  have  been  used  [1].  Figure'2>2a  presents  a  typical 
waveform  for  the  eariy-time  blast  component  of  the  E-fidd  on  the  earth's  surfime.  This 
component  of  the  MHD-EMP  environment,  denoted  by  E^tX  is  normalized  by  a  factor  £. 
Slight  differences  in  the  normalized  wavefmm  shape  are  noted  fiv  observation  locations 
outside  of  the  x-ray  patch  compared  with  locations  under  the  patch,  but  these  are  neglected 
here.  The  normalization  fiictor  E„«>  depends  on  tnany  fiutors,  induding  the  burst  yield  and 
other  parameters,  the  exact  observer  location,  and  the  eaitifs  dectricd  conductivity. 

^gure  2-2b  presents  a  typicd  late-time  heave  cooirftution  to  the  MHD-EMP  E-fidd. 
As  in  the  previous  figures,  this  waveform  is  also  normalized  to  unity  by  a.&ctor  Em«v  udiich  is 
different  from  that  for  the  blast-wave  component  Has  component  of  the  MHD-EMP 
environment  is  believed  to  be  strongest  directly  under  the  burst  falling  off  rapidly  as  the 
observer  moves  away  fiom  ground  zero. 

The  total  MHD-EMP  E-fidd  on  the  ground  ccawitfs  of  a  suUable  combination  of 
Figures  2-2a  and  2-2b,  depending  on  the  actud  location  of  the  oineryer.  For  some  locations 
the  late-time  component  of  the  environment  will  be  very  small,  Imu  for  others  it  can  be 
substantial.  As  an  example  of  such  a  composite  MHD-EMP  wavefinm.  Figure  2-3e  presents  a 
complete  normalized  waveform  and  its  fiequency-donam  spectral  magnitude  is  shown  in 
Figure  2-3b.  Note  that  most  of  the  spectrum  is  located  wd  bdow  I  Hz.  For  power  systems. 
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this  implies  that  the  MHD<EMP  waveform  appears  as  a  quasi-dc  signal,  and  that  dc  circuit 
modeling  concq}ts  will  be  appropriate  for  calculating  system  responses. 

For  reasons  mentioned  previously,  the  MHD-EMP  E-field  vector  direction  depends  on 
the  burst  location  relative  to  the  magnetic  north  pole.  As  in  the  case  of  solar  geomagnetic 
storms,  for  burst  locations  near  the  north  pole,  much  of  the  earth's  surfime  experiencing  the 
MHD-EMP  environment  sees  a  predominantly  east-west  E-fidd.  Consequently,  for  the  study 
in  ref.  [1],  the  direction  of  the  E-field  is  assumed  to  be  east-west. 

For  some  calculational  procedures,  an  explicit  expression  for  the  wavdbrms  shown  in 
Hgures  2-2a  and  2-2b  is  useful.  Such  e3q)ression  may  be  obtained  by  fitting  the  waveform 
components  to  a  suitable  functional  form,  and  this  is  discussed  in  more  detail  in  ref  [1]. 

As  noted  in  Eq.(2-1),  the  magnitude  of  the  E3  environment  dq>ends  on  the  electrical 
conductivity  of  the  earth.  As  an  example  of  the  range  of  possible  E-field  anq>litudes,  a  nominal 
E3  environment  of  10  V/km  has  been  assumed  for  an  earth  conductivity  of  o  0.01  S/m. 
Hgure  2-4  shows  the  resulting  E-field  waveforms  as  the  earth  conductivity  is  decreased  fit>m 
0.01  to  5.0x10*5  S/m. 

2,3  ALTERNATE  MODELS  FOR  THE  CONDUCTIVE  EARTH. 

V 

The  derivation  of  Eq.(2-1)  for  the  E-fidd  is  based  on  the  assumption  that  the  earth  is  a 
uniform  half-space  with  conductivity  o.  In  reality,  the  earth  is  inhomogeneous,  with  the 
possibility  of  many  different  layers,  each  having  different  conductivities.  Furthermore,  there 
can  be  large  changes  in  the  conductivity  in  the  lateral  direction,  e^)ecially  at  the  coastline, 
where  the  conductivity  changes  firom  that  of  soil  to  sea  water. 

Frequently,  the  surface  conductivity  is  (Ufferent  from  that  deep  in  the  earth.  Due  to  the 
high  frequency  content  in  the  early-time  E|  HEMP  environment,  the  surfirce  conductivity  is 
most  important  in  determining  the  total  Ej-fidd  above  the  surftce.  However,  the  lower 
fi'equency  E3  fidds  are  typically  more  sensitive  to  the  layered  structure  deep  within  the  earth. 
Alternate  calculational  models  are  available  for  the  E3  fidds  which  talm  into  account  the  deep 
earth  structure.  These  will  be  described  in  this  section.  It  must  be  kept  in  mind,  however,  that 
these  models  require  a  knowledge  of  the  deep  earth  conductivity  and  its  variatums  to  be 
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Figure  2-4.  MHO-EMP  E-fiefds  for  varying  earth  conductivities  under 
the  assumption  that  io  V/km  for  a  «  0.01  S/m. 

applied.  Such  data  may  not  be  av^able  in  practical  cases  of  interest,  and  the  resulting  errors 
of  applying  these  models  with  improperly  chosen  ground  data  can  provide  field  estimates  that 
are  just  as  inaccurate  as  those  obtained  by  using  the  simple,  homogeneous  earth  model. 

To  develop  a  model  for  a  more  realistic  earth,  first  consider  the  case  of  a  simple  lossy 
half-space.  As  discussed  by  Wait  [13],  the  firequency  domain  relationship  between  the  total  E- 
and  H-field  on  the  surface  of  the  earth  is  defined  by  a  surface  impedance  as 

E  =  ZsH  .  (2-2) 

For  a  single,  homogeneous  earth,  the  surface  impedance  is  given  in  [13]  as 


Noting  that  B  =  pH,  the  expression  in  Eq.(2-2)  can  be  written  in  terms  of  the  spectrum 
of  the  time  derivative  of  the  B-field  ja  B  as 

E  =  T(jco)jcoB ,  (2-4) 


Mdiere  the  transfer  function  TQo))  is  given  by 

T(j<D)  =  ^Z,  =  -ri—  (2-5) 

jo^  yjfio^a 

for  the  homogeneous  earth.  As  discussed  in  the  ^pendix  of  ref.  [8],  this  fiequency-domain 
e9q)ression  leads  directly  to  the  time-domain  convolution  operation  of  Eq.(2-1). 

An  alternative  to  evaluating  Eq.(2-1)  directly  is  to  compute  vhe  B-field  spectrum  by 
performing  a  Fourier  transform  on  the  assumed  known  transient  B-field  on  the  earth's  surface, 
and  then  using  Eqs.(2-4)  and  (2-S)  to  compute  the  E-fidd  spectrum.  The  final  transient 
response  is  then  calculated  by  performing  an  inverse  Fourier  transform. 


Consider  now  the  case  of  the  two-layer  earth  shown  in  Figure  2-5  .  This  consists  of  a 
single  layer  having  a  tUckness  d  and  electrical  parameters  Oj,  e|,  and  Pi,  and  is  located  over 
an  otherwise  homogeneous  earth  described  by  parameters  02,  £2.  and  P2* 
rdationship  on  the  sur&ce  can  be  computed  using  the  transmission  line  analogy  shown  in  the 
figure,  and  this  gives  the  surfiice  impedance  as 


^  ( 2l  -j-ZctanhCyd)^ 

H,  ■  •l.Z,+ZLluih(T(l)J  ’ 


(2-«) 


where  the  load  impedance  Zjr  is  used  to  represent  the  sur&ce  impedance  of  the  layer  2  and  is 
given  by  Eq.(2-3)  with  the  values  of  p  and  o  impropriate  fbr  layer  2.  The  term  is  the 
characteristic  impedance  of  the  line  and  this  is  ^ven  by  the  impedance  of  £q.(2-3)  with  p  and 
a  for  layer  1.  The  propagation  constant  7  for  r^on  1  is  given  by 


y  =s  •^jopCjoe + o )  *  •^jupcr 


(2-7) 


vdrere  again  p  and  o  are  those  for  layer  1.  Note  that  in  these  expressions,  low-firequency 
approximations  have  been  made,  and  this  shows  that  the  dielectric  constants  of  the  regions  are 
unimportant.  Once  the  Z,  term  is  evaluated,  the  E  field  follows  directly  fiom  Eqs.(2-4)  and 
(2-5)  as 


E(jo).T(j«.)joB(j<.)-^Z.(m^)i»B(i«)  .  (2.,) 
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Figure  2-5.  Two-layer  earth  and  transmission  line  model. 


For  a  general,  n-layer  earth,  Eq.(2-6)  also  can  be  used  to  determine  the  surface 
impedance.  This  is  done  by  using  the  transmission  line  analogy  on  a  layer-by-layer  basis, 
starting  with  the  deepest  layer  and  moving  towards  the  surface.  For  any  given  layer,  the 
computed  surface  impedance  of  the  previous  layer  forms  the  load  impedance  in  Eq.(2-6),  and 
the  calculated  Zg  then  becomes  the  load  impedance  for  the  next  layer.  Ultimately,  a  complex 
frequency  domain  expression  between  E  and  H  on  the  surface  results,  involving  a  knowledge 
of  each  of  the  layer  thicknesses  and  parameters  }i  and  c.  As  in  the  case  of  a  single  layer  earth, 
the  transient  response  of  the  E-field  is  then  obtained  by  performing  a  numerical  inverse  Laplace 
transform. 

It  is  of  interest  to  develop  a  time-domain  representation  of  the  earth-induced  E-field 
similar  to  that  of  Eq.(2-1)  for  the  case  of  the  two-layer  earth.  For  the  earth  model  shown  in 
Figure  2-6,  Eq.(2-8)  can  be  transformed  into  the  time  domain  to  provide  the  convolution 
integral  representation  for  the  E-field  as 

£(/)=  .  (2-9) 

-00 

The  time  domain  kernel  T  in  Eq.(2-9)  is  essentially  the  inverse  Fourier  transform  of  the 
transfer  function  T(jco)  in  Eq.(2-8).  Using  F"^  to  represent  the  inverse  Fourier  transform,  this 
kernel  may  be  expressed  as 
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j-  ^  and  k  =  d^u<,oi  for  the  case  when  the  permeabilities  ^  of  each  layer 

+V«^2 

are  equal  to  The  term  d  represents  the  thickness  of  the  layer.  In  this  manner,  the 
convolution  integral  for  the  two-layer  earth  becomes 


E(t)  = 


lih 


l+Tc 


-k/tt-O 


l-Te 


cB 

— dt' 

a' 


(2-10) 


This  latter  expression  can  be  used  just  as  ea»ly  as  Eq.(2-1)  for  determining  the  E-ficId  for  a 
two  layer  eanb.  Extension  of  this  ejtpression  to  a  more  general,  n-layer  has  not  been 
attempted,  but  may  be  possible. 

2.4  SEVULAMTIES  BETWEEN  MHD-EMP  AND  SOLAR  STORMS. 


The  MHD-EMP  aivironment  is  similar  to  that  encountered  in  naturally  occurring 
geomagnetic  storms.  Consequently,  it  is  useful  to  look  to  the  several  reported  power  system 
malfunctions  which  have  been  ascribed  to  these  storms  [1].  Doing  this  can  provide  an 
indication  of  possible  MHD-EMP  effects  on  electrical  power  systems. 


On  October  28  and  29,  1991,  a  major  geomagnetic  Siorm  occurred.  This  was  given  a 
K-Index  of  9  from  readings  made  in  Boulder,  Colorado,  and  in  Loring,  Maine.  The  storm 
began  at  1540  universal  time  (1040  EST,  0940  CST,  0840  MST,  0740  PST)  on  October  28. 
A  number  of  geomagnetic  observatories  across  the  US  and  Canada  recorded  the  fluctuations  of 
the  geomagnetic  field  during  this  event  and  can  provide  data.  Of  particular  interest  are  the 
data  from  the  Canadian  Geological  survey  of  Canada  [14],  as  the  data  are  available  at  10 
second  measuring  intervals.  Other  data.  su<^  as  those  available  from  the  U.S.  Geological 
Survey,  are  typically  available  only  with  a  one  minute  time  resolution  [IS], 


Figure  2-(5a  presents  the  measured  East-West  geomagnetic  field  at  the  Ottawa 
Magnetic  Observatory,  as  provided  by  van  Beek  [14].  These  data  are  plotted  as  a  continuous 
record  for  a  threo-day  period,  starting  on  10/27/91.  The  venical  axis  is  the  absolute  magnetic 
field  (i.e.,  the  static  geomagnetic  field  plus  a  small  time-varying  component)  in  units  of  nano- 
Teslas.  The  onset  of  the  geomagnetic  storm  is  defined  to  be  at  about  1  S;40  universal  time  on 
October  28.  and  this  time  is  indicated  on  the  plots. 
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For  a  simple,  homogeneous  conducting  half-space  earth  model,  the  North-South 
electric  field  corresponding  to  this  magnetic  field  may  be  calculated  by  numerically  evaluating 
the  convolution  integral  of  Eq.(2-1).  Assunung  an  electrical  conductivity  of  a  =  0.0001  S/m., 
Figure  2-6b  presents  the  resulting  calculated  E-fields  for  this  storm.  Shown  in  this  figure  is  a 
14  V/km  spike  in  the  E-field  which  caused  several  problems  in  power  systems  across  the  U.S. 
[1].  The  actual  earth  conductivity  varies  depending  on  the  location  within  in  the  country. 
Consequently,  different  earth  conductivities  may  be  possible.  The  value  of  a  chosen  here  is  to 
illustrate  possible  E-field  responses. 

To  observe  in  better  detail  the  behavior  of  the  earth-induced  E-fields  at  the  onset  of  the 
storm.  Figure  2-7  presents  the  North-South  E-fields  on  an  expanded  time  scale  in  minutes  after 
15:30  universal  time  on  October  28. 

Also  shown  in  this  figure  is  a  plot  of  the  normalized  composite  MHD-EMP  E-field, 
similar  to  that  shown  in  Figure  2-3  a.  The  MHD-EMP  waveform  has  been  normalized  here  to 
have  the  same  peak  amplitude  of  about  14  V/km.  Note  that  there  is  a  remarkable  similarity 
between  these  two  waveforms,  with  an  early-time  spike,  followed  by  a  later-time  component. 
From  these  observations  of  geomagnetic  storm  effects  on  the  power  system,  it  is  reasonable  to 
conclude  that  the  power  system  would  respond  to  a  MHD-EMP  event. 
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Figure  2-6.  Geomagnetic  storm  B-field  and  resulting  E-field  at  Ottawa, 
Canada,  from  ref.  14. 
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SECTION  3 

MHD-EMP  INTERACTION  MODELS 


3.1  GENERAL. 

The  earth-induced  currents  produced  by  a  MHD-EMP  environment  arising  from  a  high 
altitude  nuclear  burst  can  interact  wdth  a  system  in  several  manners.  One  way  is  by  a  direct 
collection  of  the  earth  currents  by  the  system.  Another  coupling  mechanism  is  by  long  electrical 
conductors  collecting  the  earth  current  and  injecting  it  onto  the  exterior  of  the  system.  Once 
the  current  is  flowing  on  the  system  enclosure,  it  can  diffuse  into  the  interior  and  may  cause 
disturbances  in  internal  equipment.  A  third  coupling  mechanism  is  by  a  direct  injection  of  the 
E3  currents  into  a  system  by  penetrating  conductors,  such  as  the  ac  power  or  telephone  lines. 

As  in  the  case  of  the  early-time  E^  HEMP  environment,  it  is  believed  that  the  largest  E3 
excitation  of  a  system  arises  from  the  conducting  penetrations.  In  this  section,  various 
calculational  models  are  described,  and  estimates  of  the  injected  current  levels  for  different 
types  of  conducting  penetrations  are  given.  In  addition,  the  other  two  modes  of  system 
excitation  are  discussed,  and  estimates  of  the  E3  currents  collected  by  the  system  exterior  are 
provided.  Of  special  interest  is  the  possible  requirement  of  maintaining  an  isolation  zone  for 
long  conductors  conducting  E3  currents  to  the  system. 

3.2  INDUCED  EARTH  CURRENTS. 

The  MHD-EMP  E-field  produced  by  variations  in  the  geomagnetic  field  in  accordance 
with  Eq.(2-1)  acts  on  the  conducting  earth  and  induces  a  volumetric  current  density  J  within 
the  earth.  This  current  is  given  by  Ohm's  law  as  J  =  oE.  For  a  nominal  E3  environment  of  10 
V/km  and  an  earth  conductivity  of  a  =  0.001  S/m,  the  resulting  current  density  is  only 
10  jiA/m^.  Very  long  electrical  conductors,  however,  can  collect  a  portion  of  this  current  from 
the  earth,  and  in  certain  cases  this  can  result  in  line  currents  on  the  order  of  hundreds  of  amps. 

The  induced  current  density,  as  well  as  the  E-field,  attenuates  exponentially  with  depth 
into  the  soil.  At  the  upper  frequency  limit  of  the  E3  spectra  (see  Figure  2-3b)  of  about  f  =1 

Hz,  the  skin  depth  is  6  =  1/  -y/Tifjia .» 16,000  m.  Thus,  for  practical  purposes,  the  current  in 
the  ground  can  be  considered  as  being  uniformly  distributed. 
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33  COLLECTION  OF  EARTH  CURRENTS  BY  GROUND  FACHJTIES. 

A  starting  point  for  understanding  the  coupling  of  the  £3  enviroiunent  to  a  system  is  to 
consider  the  collection  of  the  ground  current  by  a  shallowly  buried  system,  as  ^wn  in  Figure 
3-1.  Because  of  the  large  sldn  depth  within  the  earth,  the  shallovdy  buried  system  eq)eriences 
the  same  E-field  as  does  one  located  on  the  surface.  If  the  system  is  assumed  to  be  more 
highly  conducting  th«n  the  surrounding  earth,  it  will  distort  the  local  E-fidd  and  cause  a 
current  to  be  collected  on  its  front  sur&ce,  pass  over  the  system,  and  then  exit  oiT  *he  back 
tide 


As  illustrated  in  Figure  3-la,  a  buried  system  is  approximated  by  a  perfectly  conducting 
hemisphere  of  radius  a  and  a  qiuui-static  E-fidd  in  the  earth  of  magnitude  To  compute  the 

earth  induced  current  collected  by  the  system,  it  is  suffident  to  determine  the  local  E-fidd 
around  the  system,  since  the  current  in  the  earth  is  proportional  to  this  field.  Once  the  normal 
component  of  £  is  found  on  the  bottom  part  of  the  hemisphere,  the  current  density  flowing 
onto  the  system  can  be  coo^xited  using  Ohm's  law. 


This  problem  is  simplified  by  using  symmetry  arguments  which  permit  the  consideration 
of  the  geometry  shown  in  Figure  3-lb.  This  is  a  complete  sphere  immersed  in  an  initially 
uniform  E-fidd  and  is  a  classical  EM  textbook  i^obiem  [16].  On  the  suifrce  of  the  sphere,  the 
currem  density  flowing  into  the  sphere  is  given  by 

Jr  =*  fif  cos0,  (3-1) 

and  the  total  current  flowing  into  the  fix)nt  side  of  the  hemisphere  is  by 


sic/2  . 

I-J  Jjr»^sin0d0d4»— a^cEo,  (3-2) 

rdiere  a  is  the  radius  of  the  hemisphere.  Note  that  this  is  three  times  the  current  flowing 
through  a  half-disk  having  the  same  crou  sectional  area  as  the  hemisphere. 


As  a  numericd  example  of  the  magnitude  of  the  collected  current  for  this  system, 
consider  the  case  of  a  conducting  earth  of  a  *  0.001  mhos/m  and  a  nominal  E3  fidd  of  10 
V/km  discussed  previously.  For  a  large  facility  having  a  radius  of  20  m,  the  total  collected 
current  on  one  side  of  the  system  is  only  about  0.02  A.  This  currem  is  small  and  it  is  doubtful 
that  it  would  cause  any  serious  problems  to  equipment  within  the  syston  endosure,  provided  it 
flows  primarily  on  the  shield  or  structural  metal. 
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Buried  Facility 


3.4  CURRENTS  INDUCED  IN  LONG  LINES. 

The  MHD-EMP  electric  field  described  in  the  previous  section  is  capable  of  inducing 
currents  in  long  sections  of  dectrical  conductors.  Unlike  the  early-time  Ej  HEMP 
environment,  which  can  induce  large  currents  in  conductors  not  connected  to  the  ground,  the 
E3  environment  will  induce  currents  in  the  lines  only  if  they  are  dectrically  connected  to  the 
earth  at  two  or  more  locations.  This  is  due  to  the  quasi-static  nature  of  the  MHD-EMP  fidds. 
In  this  section,  the  models  for  several  different  conductor  configurations  devdoped  in  ref  [1] 
are  reviewed  and  the  conqnrted  MHD-EMP-induced  currents  laimmarized. 

3.4.1  A  Single  Line  Grounded  at  Both  Ends. 

Figure  3-2a  shows  an  example  of  a  conducting,  above-ground,  line  of  length  L  that  is 
connected  to  the  earth  at  both  ends.  With  the  line  absent,  the  earth-induced  E-fidd  creates  a 
uniform  current  density  in  the  earth.  When  the  conducting  line  is  connected  to  the  earth,  a 
fraction  of  this  earth  current  wfll  be  collected  by  the  line,  and  this  resuhs  in  the  current  I 
flowing  in  the  line. 

For  this  simple  conductor  configuration,  the  induced  line  cuirent  can  be  calculated 
using  the  simple  dc  circuit  modd  of  Figure  3-2c.  As  discussed  in  [1],  the  effect  of  the  E-fidd 
appears  as  a  voltage  source  (V  *  EqL)  in  series  with  the  iine.  The  resulting  current /flowing  in 
the  line  is  given  by 


Rfl+Rf2+rLL 

vriiere  Rfj  and  Rp  represent  the  grounding  (fixiting)  resistances  at  each  end  of  the  line  and  ri 
is  the  per-unit-length  resistance  of  the  conductor,  and  £  is  the  length  of  the  conductor. 

This  modd  is  usefiil  for  determining  the  current  induced  on  long  lines  that  can  be 
grounded  to  the  earth.  Examples  include  non-signal  conductors  such  as  fences  or  structural 
members,  the  outer  shidd  of  a  coaxial  communications  cable,  or  certain  configurations  of  a 
three-phase  dectrical  power  system  which  has  grounded  wye  transformers.  This  latter  case 
will  be  discussed  fiirther  in  Section  3.5 
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GROUNDED  CONDUCTOR 


V=E,L  RL=rLL 


c.  Circuit  model 

Figure  3-2.  Model  for  a  single  conductor  excited  by  MHD-EMP. 
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3.4.2  A  Periodically  Grounded  Line. 

Frequently,  a  long  line  will  be  connected  to  the  earth  at  sevoal  locations  along  the  line. 
Such  is  the  case  with  an  overhead  neutral  or  shield  conductor  in  a  power  transmission  system, 
vriiich  is  conneaed  electrically  to  each  tower.  Tins  configuration  is  shown  in  Hgure  3-3.  Each 
tower  has  a  resistance  to  ground  denoted  by  Rf.  The  resistance  to  ground  of  the  neutral 
conductor  at  each  is  denoted  by  Rf.  The  transformer  windings  and  phase  conductors  are 
shown  in  this  figure,  but  because  they  are  connected  to  the  earth  at  only  one  location,  they  do 
not  enter  into  the  dc  aiudysis  for  the  induced  current  I„  flowing  in  at  the  end  of  the  neutral 
wire.  The  term  r,  is  the  per-unit-length  resistance  ofthe  grounded  neutral  wire. 

Reference  [1]  discusses  the  MHD-EMP  coupling  to  this  line  in  detail,  and  develops  the 
dc  circuit  model  shown  in  Figure  3-4  for  computing  the  neutral  conductor  current.  This 
analysis  involves  a  dc  loop  analysis  for  the  network  which  has  an  individual  voltage  source 
arising  firom  the  £3  field  in  each  loop.  In  this  reference,  calculations  for  the  induced  neutral 
current  have  been  described  for  typical  power  line  configurations.  As  an  example  of  these 
results.  Figure  3-S  presents  a  family  of  curves  of  the  normalized  neutral  current  vs.  the 

number  of  tower  sections  in  a  neutral  line  having  a  specified  length.  Data  for  line  lengths  of  IS, 
10,  S,  and  1  km  are  presented.  Additional  information  on  the  details  of  the  line  parameters 
used  may  be  found  in  the  reference. 


Figure  3-3.  A  periodically  grounded  line. 
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Figure  3<4.  Circuit  model  for  the  periodically  grounded  line. 


Figure  3-5.  Normalized  MHD-EMP-induced  current  vs.  number  of  tower 
sections  for  different  line  lengths. 
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From  the  results  in  [1],  it  is  clear  that  the  MHD-EMP  current  induced  in  the  grounded 
line  is  reduced  due  to  the  shunting  effects  of  the  towers.  For  the  line  having  the  typical  12  kV 
distribution  line  parameters,  it  was  found  that  there  is  a  reduction  of  about  30%  in  the  MHD- 
EMP  current  induced  in  the  neutral  conductor. 

3.4.3  Currents  in  Buried  Conductors. 

In  the  limiting  case  of  there  being  many  grounding  locations  along  a  line,  the  problem 
approaches  that  of  a  conductor  in  continuous  contact  with  the  earth.  In  this  case,  instead  of 
u^g  a  discrete  circuit  analysis  model  for  determining  the  line  responses,  it  is  pos^le  to  use  a 
continuous,  analytical  model.  As  developed  in  [1],  the  voltage  and  current  distribution  on  a 
conductor  in  contact  with  the  earth  are  similar  to  those  of  a  transmission  line  excited  by  an 
incident  E-field,  with  several  simplifications  aii^g  due  to  the  quasi-static  nature  of  the 
problem.  As  a  result,  analytical  expressions  for  the  re^nses  can  be  obtained. 

For  a  buried  line  having  a  per-unit-length  reastance  of  01m.  and  a  per-unit-length 
conductance  to  the  ground  of  S/m,  ref  [1]  develops  the  following  expression  for  the  current 
I„  flowing  at  the  end  of  the  line: 


(3-4) 


Here,  the  parameter  a  » is  assumed  that  each  end  of  the  buried  line  is  terminated 
in  resistances  RfdX  the  ends.  This  expression  provides  a  current  at  the  end  of  the  line  winch  is 
smaUer  than  that  occurring  for  the  same  line  which  is  not  in  direct  contact  with  the  earth. 


This  last  equation  can  also  be  applied  to  the  case  of  a  large  number  N  of  discrete 
grounding  points  having  a  resistance  Rf  by  defining  the  per-unit-length  conductance  gf  as 


N 

RtL 


(S/m). 


(3-5) 


In  this  manner,  the  parameter  a  is 


(3-6) 
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3.5  CURRENTS  IN  POWER  TRANSMISSION  AND  DISTRIBUTION  LINES 
3.5.1  Unshielded,  Three-Phase  Power  Lines. 

Reference  [1]  has  also  discussed  the  beha\dor  of  E3-induced  currents  in  transmission 
and  distribution  lines  having  the  grounded  wye  configuration  shown  in  Figure  3-6.  Because  of 
the  balanced  nature  of  this  three-phase  system,  the  earth  connections  at  each  end  of  the  line  can 
be  made  without  affecting  the  normal  operation  of  the  power  system.  The  circuit  model  of 
Figure  3 -2c  is  appropriate  in  this  case,  if  the  per-unit-resistance  represents  the  parallel 
combination  of  the  three  phase  conductors,  and  the  footing  resistances  Rpj  and  Rp2 
assumed  to  contain  the  dc  resistances  of  the  transformer  windings  Ry  at  each  end  of  the  Une. 

As  discussed  in  [1],  the  various  resistance  values  for  a  power  transmission  or 
distribution  system  depend  on  the  voltage  class  of  the  power  system  being  considered.  To 
obtain  an  indication  of  possible  current  responses  for  different  line  configurations,  several  line 
classes  have  been  examined  in  [1],  and  plots  of  possible  MHD-EMP  induced  currents  in  the 
transformer  neutrals  have  been  presented. 


Source 


Load 


Figure  3-6.  A  three-phase,  grounded  wye  electrical  power  system. 
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As  an  example  of  the  calculated  responses  of  [1],  Figure  3-7,  illustrates  the  behavior  of 
the  normalized  MHD-EMP-induced  neutral  current  This  is  shown  as  a  function  of  the  line 
length  L,  for  lines  in  the  138-,  34S-,  and  SOO-lcV  classes.  For  these  types  of  power  lines,  an 
effort  is  made  to  keep  the  transformer  neutral  grounding  resistance  low,  usually  between  O.S 
to  1.0  Q.  For  the  study  in  [1],  the  footing  resistance  for  these  lines  was  assumed  to  be  Rf  * 
0.75  n. 

Eq.  (13)  indicates  that  for  very  long  lines  the  induced  current  is  dependent  only  on  the 
per-unit>length  line  resistance  as  1/ri.  This  current  limiting  is  apparent  in  the  curves 

in  Egure  3>7.  For  the  transmisaon  and  distribution  lines  considered  in  [1],  Table  1 
summarizes  the  peak  MHD-EMP-induced  currents  ixdudi  occur  for  very  long  lines. 


Line  Length  (km) 


Figure  3*7.  MHO<EMP<indueed  current  in  trenemieeion  iinee. 
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Table  3*1.  Maximum  normalized  MHO-EMP-induced  current 


Voltage  Class 
(kV) 

Ir/E„  1 

(A-kmAO 

500 

120.5  1 

345 

74.1 

138 

18.5 

69 

16.1 

34 

13.8 

25 

13.8 

12 

11.0 

3.5.2  Considerations  for  Shielded  Three-Phase  Power  Lines. 

A  frequent  practice  with  long  transmission  lines  is  to  provide  one  or  more  overhead 
shield  conductors  for  lightning  protection.  Typically,  these  conductors  are  smaller  than  the 
power  phase  conductors;  consequently,  they  have  a  larger  per-unit-length  resistance.  These 
conductors  are  grounded  at  each  tower,  providing  a  conducting  path  to  local  ground.  The 
MHD-EMP  earth-induced  E-field  can  also  induce  currents  in  these  shield  wires,  and  if  the 
three-phase  power  system  is  connected  in  some  manner  to  the  shield  system,  these  currents  can 
influence  the  level  of  current  flowing  in  the  transformer  neutrals. 

Reference  [1]  has  also  considered  the  E3  coupling  to  this  type  of  conductor 
configuration.  Figure  3-8  shows  the  case  of  support  towers  and  an  overhead  shield  wire  added 
to  the  three-phase  line  previously  shown  in  Figure  3-6.  The  overall  line  length  L  has  N  support 
towers,  with  a  distance  /  between  them.  The  phase  conductors  are  supported  by  the  towers, 
but  do  not  have  electrical  connections  to  them.  An  overhead  shield  wire  having  a  per-unit- 
length  resistance  of  fVkm  is  connected  electrically  to  the  towers,  and  each  tower  is  assumed 
to  have  a  grounding  resistance  thj-ough  the  earth  of  R^.  The  resistances  Ry  represent  the 
vending  resistances  of  the  transformers  at  each  end  of  the  line,  and  are  very  small  contact 
resistances  of  the  transformer  neutral  connections  at  points  A  and  A'.  These  latter  resistances 
are  usually  neglected. 

The  determination  of  the  MHD-EMP-induced  current  flovnng  in  the  neutral  circuit  of 
the  transformers  4  is  discussed  in  detail  in  [1].  This  involves  developing  a  Thevenin  equiv^ent 
circuit  for  the  periodically  grounded  neutral  circuit  at  locations  A- A'  in  the  figure,  and  then 
computing  the  response  for  /^.analysis  using  an  equation  similar  to  Eq.(3-3). 
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b.  Electrical  elreuit  mofM 


ngura  34.  Thiea^hase  line  with  N  towere  and  overhead  shield  wires. 
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To  provide  an  indication  of  the  MHD-EMP  responses  for  shieUted  power  a  set  of 

calculations  for  the  7  different  types  of  transtnission  and  distribution  lines  (500, 343,  138,  69. 
34,  25,  and  12  kV  classes)  has  been  analyzed  in  CH-  Each  case  had  line  and  grounding 
parameters  t>-pical  for  the  voluge  class  of  the  line  being  considerfd.  As  an  example  of  a 
typical  calculated  response.  Figure  3-9  shows  the  comours  of  the  normalized  transformer 
neutral  current  If/Eo  for  various  combinations  of  line  length  and  number  of  tower  sections  for 

s  500  kV  class  power  transmission  line.  The  straight  line  in  thU  figure  repr«ents  the  locus  of 

points  corresponding  to  the  300  m  tower  span  length  typical  for  this  dass  of  line. 


Haure  3-9.  Contours  of  nomiaUzed  MHD-EMP4ndueed  currant  Ic/Eq 
(A-knW)  for  a  600  kV  line  witli  grounded  sMeM  wires. 
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3.6  Ej  COUPLING  TO  A  FACHJTy  WITH  LONG  LINES  ATTACHED. 


A  potentially  serious  coupling  configuration  for  a  buried  syston  is  shown  in  Figure 
3>10a,  v^ere  two  long,  above-  ground  conductors  are  physically  connected  to  a  buried  facility. 
The  earth-induced  E-field  £0  is  able  to  cause  a  current  to  flow  in  the  long  lines  and  this  current 
is  injected  directly  onto  the  facility  enclosure. 

As  in  the  analysis  described  in  the  previous  sections,  each  long  line  is  characterized  by 
its  per-unit-length  resistance  ,  its  length  £,  and  a  footing  resistance  at  the  end  of  the  line 
opposite  the  system.  The  facility  itself  has  a  fitting  resistance  Rf,  which  typically  will  be  much 
smallo- than  the  other  resistances  in  the  problem. 

Reference  [4]  describes  an  approach  to  calculate  the  currents  Ij  and  I2  on  the  wires 
connected  to  the  fi^ility  using  the  equivalent  circuit  shown  in  Figure  3-lOb.  For  this  circuit, 
explicit  expressions  for  the  currents  flowing  onto  the  facility  can  be  derived  and  are  reported  in 
[4]. 


The  ^ipropriate  values  of  the  footing  resistance  and  the  per-unit-length  line  resistance 
in  this  modd  depend  on  the  type  of  conductor  competed  to  the  system.  For  a  12  kV  power 
system  neutral  conductor  having  a  typical  sub-station  footing  resistance  of  Rf  *  0.75  £2  and  a 
line  resistance  of  r^  •  0.87S  G/km,  ref.  [4]  shows  that  the  maximum  possible  induced  current 
is  on  the  order  of  1 1  A  for  an  £3  environment  of  10  V/km. 

The  £3  current  in  this  example  is  limited  by  the  rdativeiy  high  line  resistance  ^ch  is 
tyi.-'ical  of  the  12  kV  power  system  neutral  conductors.  Larger  currents  can  be  expected  if  the 
wire  is  bigger  in  diameter  or  if  a  dififerent  line  configuration  is  encoumered.  For  example,  ref. 
[1  j  calculates  a  maximum  current  of  approximately  200  A  (for  a  20  V/km  £3  environment)  for 
a  three-phase  12  kV  power  system  with  a  grounded  wye  transformer  at  both  ends  of  the  line. 
If  the  grounded  wye  connection  is  made  directly  to  the  system,  this  current  can  flow  over  the 
system  enclosure  to  ground,  and  injects  an  order  of  magnitude  more  current  excitation  on  the 
system. 
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3.7  GROUND  CONDUCTOR  ISOLATION  IN  FAOLrnES. 

It  has  been  suggested  that  one  way  of  midgating  the  possible  effects  of  the  £3  current 
on  a  system  is  to  interrupt  the  current  flow  on  the  qrstem  [2].  As  shown  in  Figure  3>lla,  this 
can  be  accon^)lished  by  disconneciing  the  incoming  lines  to  the  iadlity  and  grounding  them  at 
a  distance  d  fix>m  the  system  Doing  this  not  (»iy  duinges  tltt  current  distrilmtion  on  the 
system,  as  discussed  in  [4],  but  it  also  changes  the  levds  of  the  iiyected  current  due  to  the 
introduction  of  the  additional  footing  resistance/^  of  the  earth  connection. 

To  calculate  the  currents  /;  and  the  equivalent  circuit  of  Figure  3*llb  has  been 
devdoped  in  [4],  This  is  of  the  same  fiatm  as  in  Figure  3«10b,  but  with  the  additional  footing 
resistance  /^  In  this  case  the  common  resistive  dement  between  the  two  circuit  loops  is 
the  mutual  resistance  between  the  two  ground  efectrodes.  As  in  the  previous  case,  explidt 
expressions  for  the  current  flowing  on  the  lines  can  be  derived.  This  current,  however, 
generally  will  be  smaller  than  that  flu*  the  case  adien  the  lines  are  connected  directly  to  the 
fodlity,  due  to  the  increased  footing  resistance; 

Once  the  £3  current  flowing  in  the  lines  is  determined,  the  fiaction  of  this  current 
collected  by  the  buried  fiidlity  must  be  estimated.  As  described  in  ref  [4],  a  possible  modd  for 
doing  this  is  shown  in  Figure  3ol2.  Computing  the  current  density  flowing  onto  the 
hemi^here  fiom  two  point  dectrodes  and  int^rating  tins  as  in  £q.(3>2)  provides  an  estimate 
of  the  total  current  collected  by  the  facility. 

This  integral  cannot  be  evaluated  in  dosed  form,  but  it  is  easily  imegrated  numerically. 
Figure  3-13  presents  the  normalized  current  flowing  into  the  system  as  a  fimction  of  the 
ratio  d/a.  As  noted  in  this  flgure,  for  a  reduction  of  the  total  cutrem  in  the  system  to  10%  of 
the  initial  value,  the  necessary  currer:!  injection  pnnts  must  be  located  at  d/a  «  3.8,  a  value 
which  is  consistent  with  d/a  •  4  of  ref  [17]. 

Thus,  the  current  collected  by  the  fodlity  is  reduced  by  two  mechanisms;  a  decrease  in 
the  coupling  effiderrcy  of  the  long  lines  due  to  the  addition  of  a  grounding  resistance  of  the 
earth  dectrode,  and  the  spreading  out  of  the  ground  currents  due  to  the  dectrode  placexnem 
away  from  the  facility.  An  additional  decrease  in  the  magnitude  of  the  £3-induced  current  is 
eqrected  if  the  incoming  lines  are  periodically  grounded  at  support  towers. 
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a.  FaUlity  conflguiaiion 


b,  Equivalant  cJfuiit 


Figurt  3-11.  Buriad  facility  with  isolation  al  long  lints. 
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Figura  3-13.  Normalizad  currant  collactad  by  the  syttam  as  a  function  of 
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SECTION  4 
MH]>-EMP  TESTING 


4.1  OVERVIEW. 

During  the  course  of  tMs  effort  for  DNA,  several  studies  rdated  to  e)q)erimental 
aqiects  of  MHD>EMP  effects  on  systems  have  been  conducted  [4].  [7],  [18].  These  consisted 
of  the  devdopment  of  concepts  for  MHD^EMP  simulation,  meamrementa  on  a  buried 
communications  fiidlity,  and  laboratory  measurements  on  a  modHqi  of  an  electrical  power 
distribution  system.  This  section  summarizes  these  activities  and  their  results. 

4Jt  MHD-EMP  SIMULATION  CONCEPTS. 

4.2.1  Single  Lines. 

Because  of  the  quasi*dc  nature  of  the  MHD-EMP  environment,  the  most  efficient 
simulation  concqrts  involve  injecting  a  suitable  dc  current  into  cables  and  power  lines,  or 
directly  onto  the  exterior  of  a  fiidlity.  This  is  in  contrast  to  the  E}  testing,  where  it  is  posrible 
to  simulate  the  incident  HEMP  fidds  over  the  system.  Only  lystems  wtdi  typical  dimensions 
on  the  order  of  severd  kilometers  are  strongly  affected  by  the  E3  environment,  and  it  is 
i^^>osable  to  exdte  such  large  systems  with  a  distrSwted  fidd  soureo, 

V 

There  are  several  different  methods  proposed  for  anwibting  the  effects  on  the  E3 
environment  on  fedlities.  and  the  theoretical  bads  for  these  methods  has  been 

developedinAppendix  Aofref.  [2].  In  that  report,  the  E3  excitation  of  Un^  conductors,  sudi 
as  a  three-phase  power  line  or  a  periodicaUy-grounded  neutral  conducts,  has  been,  considered. 
These  types  of  conducting  appendages  are  viewed  as  being  the  mod  important  m^coUecting  the 
MHD-EMP  energy.  As  discussed  in  Sec.  3.3,  the  collection  of  the  E3-induced  ground  currents 
by  a  buried  fodlity  done  is  much  smaller  than  that  coUected  by  long  fines. 

The  basic  geometry  defining  the  long-conductor  wtr.t»«tina  (jy  Ej  and  the  fnKfegtient 
injection  of  current  into  a  facility  is  shown  in  Figure  4-1.  A  long  conducting  fine  of  length  L 
and  per-unit  length  resistance  ri  (D/m)  has  a  load  redstance  Rjj  and  n  earth  grounding  (or 
footing)  resistance  of at  its  end  far  fiom  the  fiiciiity.  At  the  fidSty,  foe  line  penetrates  imo 
foe  enclosure,  where  an  effective  load  is  present,  dong  with  afecfiity  grounding  resistance 
Rq.  The  response  ofinterest  in  this  case  is  foe  current  entering  the  fiffiiiity  7^ 
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FACiUTY  ENCLOSURE 


Figura  4-1.  An  isolated  tingte  conductor  entering  a  facility  excited  by 
MHD-EMP. 


The  quasi-static  MHD-EMP  E-field  waveform  induced  in  the  earth  by  tlte  time 
variations  of  the  geomagnetic  fidd,  exists  over  the  entire  length  of  the  line,  and  produces  an 
effective  voltage  source  of^gL  in  the  line.  This  voltage  source  occurs  in  series  with  the  long 
line.  Because  of  the  simple  quasi-dc  nature  of  this  excitation,  Eq.(3-3)  can  be  used  to  calculate 
the  MHD-EMP-induced  current  flowing  into  the  fitdlity,  with  Rfj  •  (R],l  Rgj)  and  Rq  ” 

\ 

In  the  simulation  concqris  discussed  in  ref  [1],  the  goal  of  the  simulator  source  design 
is  to  iusuie  that  the  same  quasi-dc  current  flows  into  the  fiuility  when  the  E3  excitation  is 
replaced  by  the  pulser.  Figure  4-2  illustrates  the  replacement  of  the  long  conducting 
appendi^e  of  Figure  4-1  by  a  Thevenin  equivalent  circuit  of  the  line  which  is  located  close  to 
the  fiidlity.  In  this  case,  both  the  voltage  source  Vg  and  the  internal  resistance  of  the  source 
must  be  adjusted  to  provide  the  proper  values  corresponding  to  the  pl^ical  situation.  These 
values  are  given  as 

V,-EoL  (4-1) 


and 


R,-RLi  +  rLL  +  (Rgi-Rg2)  .  (4-2) 

where  Rg2  the  grounding  resistance  of  the  simulator  source  shown  in  Rgure  4-2.  Because 
the  Thevenin  source  is  connected  to  the  earth  at  a  location  different  firom  the  original  end  of 
the  line,  this  grounding  resistance  may  be  different  from  the  original  grounding  resistance  Rgi. 
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As  in  [1]  an  alternate,  Imt  equivalent,  simulation  configuratkm  is  possible 

iiMfig  a  Norton  short-circuit  equivalent  circuit.  However,  as  the  Thevenm  open  circuit  voltage 
source  is  expressed  directly  in  terms  of  the  earth-induced  E-fidd.£^  die  Thevenin  equivalent 
representation  of  the  pulser  is  the  most  intuitive  of  the  two.  Consequently,  nothir^  more  will 
be  said  about  the  Norton  source  models. 


FACILITY  ENCLOSURE 


Figure  4-2.  Simulation  of  MHD-EMP  excitation  by  an  equivalent  Thevenin 
circuit 

An  ahemate  simulation  configuration  for  long  lines  is  suggested  in  [1].  In  thb  case,  the 
line  is  left  intact,  and  the  £3  source  (or  "pulser”)  is  inserted  in  series  with  the  line;  as  shown  in 
Figure  4-3.  The  line  load,  footing,  and  conductor  resistaiices  are  all  unchanged,  and  if  the  line 
normalfy  carries  communications  signals  or  dectrical  power,  it  can  continiie  to  operate 
normal^  as  the  £3  signals  are  applied.  The  Thevenin  source  impedance/^  diould  be  chosen  to 
be  much  snudler  than  ihe  sum  of  all  of  the  other  resistances  in  the  drcoit,  and  the  volti^e 
source  is  given  by  £q.(4-l).  In  this  event,  the  fediity  current  wiU  be  correctly  simuiated. 

At  rime*,  it  may  be  difficult  to  insure  that  the  pulser  resistance is  sufficiently  low.  In 
this  event,  ref.  [1]  discusses  the  possibility  of  increasing  the  pulser  voltage  to  overcome  the 
effects  of  this  additional  resistance. 

A  third  possible  emulation  configtiration  discussed  in  [1]  hu  the  £3  [wiser  positioned 
between  the  line  and  the  ground  at  a  location  as  shown  in  Figure  4-4.  This  is  similar  to  one 
of  the  current  injection  configurations  suggested  in  MIL-STI3-188-12S  (ref  [19]).  As  in  the 
previous  case,  the  normal  configuration  of  the  long  line  is  left  intact,  so  that  the  £3  pulser  need 
not  simulate  the  normally-occurring  signals  or  power  on  this  Eiwl  However,  the  presence  of 
the  pulser  will  tend  to  short  out  a  portion  of  the  sipal  or  power  at  its  locationjr. 
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ngum  4^  MHO^P  simulation  with  ths  pulsar  in  ssriss  with  ths  lino. 


Figurs  4^.  MHO^MP  simulation  %vith  the  pulsar  across  ths  lino. 


To  minimize  tlus  loading  that  the  |xilser  has  on  the  system,  the  pulser  impedance  should 
be  large  at  the  power  or  signal  frequency.  This  can  be  achieved  by  constructing  the  pulser  im¬ 
pedance  as  a  series  R-L  circuit,  so  that  Z,  ■  R, + jcoL,.  The  inductance  i,,  is  chosen  such  that 
(dL,  »Rli  +Rgi  or  Rl2  Rf  •  In  tlus  way,  the  pulser  can  inject  an  E3  agnal  into  the 
system,  but  the  normal  operation  of  the  system  is  not  adversdy  affected. 


Although  it  is  possible  to  inject  a  current  into  the  &cSty  iadns  manner,  tins  source 
configuration  does  not  correspond  to  that  arising  fiom  MHD-QIP  eKOtathm  m  which  the 
source  is  located  in  series  with  the  line.  This  difference  in  die  source  o(n%iiation  can  give 
rise  to  response  modes  that  are  not  present  under  E3  excitation.  Fbrexan^de,  under  an  actual 
Mfl>-EMP  excitation,  the  currents  Ij  and  .^in  Figure  4-4  are  expected  to  be  identical,  both  in 
magnitude  and  direction  of  flow.  This  will  not  necessarily  be  tnie^  however,  if  the  pulser  is 
shunted  across  the  line,  as  shown  in  the  fig^. 

The  possible  differences  in  the  currents/;  and  7^ may  not  be inyertant  in  all  jpganccs. 
If  the  only  concern  is  in  providing  the  proper  quasi-dc  current  to  the  facffiQr,  the  simulation 
with  a  shunt  pulser  may  be  adequate.  However  ifthe  interaction  oftheEs-indnoed  currents  on 
the  line  with  the  load  Ru  is  important  (possibly  due  to  the  presence  of  saturatable  magnetic 
material  it  the  load),  this  simulation  concept  is  not  optiinnnL  Iha  becomes  particularly 
inyortant  in  power  system  simulation,  as  mentioned  in  [1]. 

Other  configurations  of  long  lines  have  been  considered.  Hgure  4-5  illustrates  a 
periodically-grounded  line,  such  as  the  neutral  or  srhield  conductor  of  a  power  iine.  For  typical 
parameters  of  a  power  line,  the  effects  of  the  periodic  grounds  have  been  seen  to  reduce  the 
injected  current  imo  the  facility  by  about  30%  [1].  Simulation  concqits  fiirdiu  fine  are  also 
discussed  in  this  reference. 


fVOJTY  BICLOSURE 


p  p  I 


Figure  4-5.  Configuration  of  a  aingie  iine  periodieaHy  ceonected  to  eaMi. 
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4.2^  Three-Phase  Power  Lines. 

Due  to  their  long  lengths,  three  phase  ac  power  lines  entering  the  facility  are  potentially 
important  collectors  of  MHD-HMP  energy.  In  contrast  with  most  single  penetrating 
conductors  discussed  in  the  previous  section,  the  three-phase  conductors  carry  normal  60  Hz 
power,  and  the  MHD-EMP-induced  currents  on  the  line  can  interact  with  the  energized  power 
equipment  to  saturate  transformers.  This  saturation  creates  harmonics  within  the  systtm,  and 
unless  the  testing  is  performed  with  energized  equipment,  the  effects  of  these  harmonics  cannot 
be  fiiUy  determined.  The  requirement  for  performing  E3  simulations  on  energized  power 
equipment  poses  many  problems,  including  personnel  and  equipment  safety,  and  the  desirability 
of  not  interrupting  the  normal  operation  of  the  fl^ty  or  the  commercial  power  network.  As 
in  the  case  of  the  angle  conductor  penetration  into  the  fimility,  there  are  a  number  of  different 
E3  amulator  configurations  that  are  possible  for  the  case  of  three-phase  penetrations.  These 
also  have  been  disQis.sed  in  detail  in  ref.  [1]. 

A  possible  line  configuration  for  supplying  ac  power  to  a  &cility  is  the  three-phase  line 
shown  in  Rgure  4-6.  A  ample  version  of  this  line  consists  of  three  parallel  conductors  of 
length  L,  each  having  a  per-unit-length  resistance  of  (D/km).  At  the  end  of  the  line  distant 

fixim  the  &cility,  the  line  is  terminated  in  a  grounded  wye  transformer  secondary  having 

\ 

winding  resistances  Ry  for  each  phase,  a  neutral  conductor  resistance  Rn^  and  a  grounding 
resistance  Normally,  these  transformers  are  balanced  so  that  the  resistances  in  each  phase 
are  identicaL  In  this  example,  no  neutral  conductor  is  carried  with  the  phase  conductors. 
Different  electrical  utilities  have  ‘different  practices  fi)r  constructing  transmission  and 
distribution  lines,  and  this  case  is  t>)/ical  of  some  lines  in  California.  In  other  inffncey,  a 
fourth  neutral  line  might  be  carried  with  the  phase  conductors. 

For  this  configuration,  the  primary  of  the  transformer  is  connected  to  other  parts  of  the 
electrical  power  network,  and  this  supplies  the  normal  60-Hz  power  to  the  line  and  the  facility. 
Although  this  power  source  is  not  explidtly  indicated  in  Ingure  4-6,  it  could  be  represented  by 
three  60  Hz  voltage  sources  in  series  with  the  transformer  secondary  resistances  Ry.  In 
addition  to  these  normal  operating  voltages,  there  is  the  earth-induced  E-field  caused  by  the 
MHD-EMP. 

Several  different  simulation  concepts  for  this  line  configuration  have  been  developed  in 
[1].  Figure  4-7  illustrates  the  most  general  concept,  which  replaces  the  excited  line  with  a 
generalized  Thevenin  circuit,  similar  to  that  in  Figure  4-2  for  the  single  line.  In  thi*  ‘*ase,  the 
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individual  resistances  in  the  wye  circuit  are  Rg  and  consist  of  die  series  condnnation  of  the 
transformer  winding  resistances  and  the  phase  conductor  reastances.  The  other  pulser 
resistance  Rgj  takes  into  account  the  possible  difference  in  grounding  reastaime  at  the  pulser 
location.  These  quantities,  as  well  as  the  voltage  sources,  Vg,  are  discussed  in^the  reference. 


TRANSFORMER  FAGUJIY  ENCLOSURE 


Fioura44.  E3  iccitation  of  t  three  phate  power  line. 


Figure  4-7.  Thevenin  equivalei  t  circuit  excitation  of  a  three  phase  line. 


An  aheniate  sunulation  procedure  is  shown  in  Figure  4-8,  in  v^ch  the  three-phase  line 
is  left  intact  and  the  quasi-dc  MHD-EMP  voltage  is  injected  through  the  neutral  of  the 
grounded  wye  transformer.  In  this  manner  the  normal  operation  of  the  transformer  continues 
during  the  simulation,  and  the  60-Hz  power  remains  on  the  lines  without  additional  sources.  In 
iiririitifin  the  normal  saturation  characteristics  of  both  the  wye  transformer  and  possibly  of  the 
internal  fiicility  loads  will  automatically  be  included  in  the  simulation.  If  the  intenoal  load 
grounding  connection  is  a  well-defined,  sin^e-point  ground,  as  shown  in  the  figure,  the  E3 
pulser  could  be  located  at  point  A  in  the  figure,  in^ead  of  at  the  end  of  the  line.  This  might  be 
desirable  if  the  line  is  very  long. 


FACIUIY  ENCLOSURE 


Rgui«44.  E3  simulation  of  a  thrso-phaso  Una  with  pulsar  in  tha 
transfoimar  nautral  conductor. 


It  is  also  possible  to  consider  locating  the  E3  pulser  along  the  line  at  a  location  Xg. 
Hgure  4-9  shows  a  pulser  consisting  of  three  voltage  sources  and  resistance  dements.  This 
case  is  similar  to  the  single-line  simulation  shown  m  Figure  4-4.  As  in  the  previous  single  wire 
case,  the  goal  here  is  to  choose  the  voltage  sources  in  such  a  way  that  the  quasi-dc  current 
entering  the  &cility  is  the  same  as  in  the  case  of  MHD-EMP  excitation.  In  addition,  there  is  a 
requirement  that  the  presence  of  the  pulser  should  not  significantly  affect  the  normal  operation 
of  the  power  line.  Thus,  the  source  resistances  R,  in  Figure  4-9  should  be  large  compared  with 
the  normal  resistances  of  the  line. 
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An  analysis  of  the  currents  flowing  into  the  facility  in  Hgure  4-9  can  be  pctfimned  by 
using  '  ^  dc  modds  devdoped  in  [1],  and  this  can  lead  to  explicit  expressions  for  the  voltage 
sources  Vg  in  terms  of  the  E3-fidd  and  line  properties.  This  sinailation  configuration  is  not 
pardcularty  recommended,  however,  because  it  is  important  to  insure  that  both  the  source 
transformer  and  the  load  circuit  have  the  proper  simulated  excitation.  This  is  particularly 
critical  iftbe  effect  ofthe60-Hz  harmonics  generat  d  within  the  system  is  to  be  mcmitored.  In 
the  present  simulation  concept,  there  is  no  guarantee  that  these  hansoiics  wQl  be  generated 
properly,  for  the  current  flowing  into  the  scmrce  transformer  is  considend^  difl&rent  fiom  that 
e}q)erienced  with  the  actual  MHD-EMP  excitation. 


Figure  4-9.  E3  simulation  of  a  three^ihase  line  with  pulnr  dong  ttielinsu 


The  addition  of  a  fourth  neutral  conductor  to  the  three-phase  line  of  Hgure  4-8 
complicates  the  simulation  procedure.  This  case  is  discussed  in  more  4i»Hiii  in  [i].  As  the 
number  of  conductors  and  system  complexity  increase,  the  required  ««««»**•  of  £3  {misers  also 
increases.  Certain  trade-ofl&  regarding  to  the  accuracy  of  the  ygmi*  th#>  emnplij^ 

of  the  required  simulation  hardware  can  b*  ?iade,  and  some  oftheae  issues  are  discttmed  in  ref 

[1]. 
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MHD-EMP  TESTING  ON  A  BURIED  FACELTrY. 

During  the  two*week  period  of  May  11-29,  1992,  a  series  of  tests  on  a  Federal 
Emergency  Management  Agency  (FEMA)  facility  at  Oln^,  MD,  was  conducted  to  determine 
the  possible  effects  of  MHD-EMP  on  ground-based  &cilities.  These  tests  were  part  of  a  larger 
test  program  [18]  which  addressed  the  re^xuises  of  tUs  fimOhy  to  the  eariy-time  £}  and  E2 
high-ahitude  dectromagnetic  pulse  (HEMP)  environments.  A  preliminaty  report  summarizing 
the  E3  portion  of  the  test  and  the  lessons  learned  has  been  written  [4],  and  a  formal  test  report 
is  expected  shortly  firom  the  test-conduct  comractor. 

Veryfew,  if  any,  E3  tests  have  been  conducted  previously  on  fimOities.  Consequently, 
there  is  little  information  or  experience  on  conducting  such  tests.  Furthermore,  the  effects  of 
such  testing  on  power  and  dectronic  equipment  within  the  &cility  are  largely  unknown.  This 
test  program  was  begun,  therefore,  with  the  view  of  not  only  trying  to  learn  abmit  how  a 
&cility  would  respond  to  £3,  but  also  to  develop  techniques  and  experience  for  E3  testing . 

There  were  three  stated  objectives  fix*  the  E3  testing  at  the  Oln^  site: 

•  To  determine  the  requirements  for  a  tfidectiie  isolation  zme  around  the  facility. 

•  To  evaluate  the  common-mode  blockage  of  a  ddta-wye  transformer  for  £3  pulses,  and 
determine  the  differential  mode  transfer  function. 

•  To  evaluate  the  possible  effects  of  trsusffxmer  saturation  60  Hz  harmonics  on  fodlity 

power  conditioning 

This  test  used  the  DNA  £3  pulser  to  ii^ect  simulated  quad-dc  currents  onto  sdected 
parts  of  the  Olney  facility.  Electrical  connections  between  the  £3  pulser  and  the  fiidlity,  or 
dectrical  components  within  the  facility,  were  aclneved  using  several  hindred  feet  of  power 
cable.  Voltage  and  current  measurements  were  made  within  the  ftdlity  using  a  recording 
digitizer.  The  measured  digitized  data  from  the  test  were  transferred  to  a  portable  computer 
and  then  off-loaded  to  a  floppy  disk  storage  medium  fm*  foture  analysis  and  plotting  Strip 
chart  plots  of  the  measured  refuses  were  also  made  for  inclusion  in  the  test  report. 

One  key  aspect  of  the  test  was  the  investigation  of  vbe  validity  of  the  requirement  for  a 
dielectric  isolation  zone  for  long  lines  conneeted  to  the  earth  near  the  fodlity.  This  involved 
first  measuring  suitable  internal  responses  within  the  fiuility  with  the  £3  current  injection 
q)piied  directly  on  the  facility  endosure,  and  then  studying  the  behavior  of  these  responses  as 
one  of  the  current  injection  dectrodes  moves  away  from  the  fadlity. 
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This  test  was  only  partially  successful,  due  to  the  very  low  amplitudes  of  the  measured 
internal  system  responses.  With  the  E3  pulser  connected  directly  to  the  facility  and  injecting  about 
200  A  of  quasi-dc  current,  responses  at  only  two  of  the  internal  measurement  points  could  be 
recorded.  Induced  currents  on  the  order  of  1  to  2  A  on  the  main  power  transformer  neutral  and 
about  0.5  A  on  the  480  switch-gear  neutrals  were  measured  with  the  E3  pulser  in  this 
configuration.  Responses  on  the  other  grounding  connections  were  believed  to  be  comparable  to 
the  noise  level  within  the  system.  This  current  injection  onto  the  facility  exterior  caused  no  upset 
or  other  problems  within  the  facility. 

When  the  E3  pulser  electrode  was  moved  off  of  the  facility,  the  pulser  could  not  maintain 
the  injected  current  levels,  due  to  the  increased  footing  resistance  of  the  electrode  connection.  As 
a  result,  the  current  drive  to  the  facility  dropped  by  about  85%  and  no  internal  responses  at  all 
could  be  measured. 

The  limited  testing  at  the  Olney  facility  suggests  that  the  requirement  for  a  dielectric 
isolation  zone  described  in  [2]  might  be  overstated.  First,  the  direct  injection  of  200  A  on  the 
system  exterior  was  barely  noticed  inside  the  facility  and  caused  no  problems.  Thus,  the 
requirement  in  [17]  that  this  current  be  reduced  by  90%  appears  overly  strict  in  this  case.  Second, 
by  moving  the  line  connection  from  the  facility  to  a  grounding  electrode  away  fi-om  the  facility,  an 
increase  in  the  overall  circuit  resistance  can  be  obtained.  This  vrill  further  limit  the  E3  current 
flow  onto  the  facility.  Finally,  long  lines  that  can  be  electrically  grounded  at  the  facility  will 
usually  also  be  periodically  grounded  at  support  towers  along  its  length.  This  grounding  will 
further  serve  to  reduce  the  current  injected  onto  the  facility.  It  must  be  stressed,  however,  that 
these  observations  are  based  only  on  a  short  test  on  one  facility.  Additional  studies  are  required 
to  better  understand  these  issues. 

Another  type  of  test  was  reported  in  [4]  which  dealt  with  transformer  responses  to  the  E3 
environment.  With  the  facility  being  powered  by  its  auxiliary  diesel  generators,  isolation 
measurements  on  the  unenergized  13.2  kV/480V  delta-wye  main  power  transformer  for  the 
facility  were  made.  It  was  found,  as  expected,  that  the  common-mode  rejection  of  the  delta 
section  of  the  transformer  was  very  large.  Differential  mode  signals  were  able  to  penetrate 
through  the  transformer  to  a  certain  extent,  but  for  the  E3  waveform,  these  differential  responses 
were  exceedingly  small  and  appear  to  pose  no  problems  to  the  facility. 

A  final  E3  test  involved  the  saturation  of  the  energized  13.2  kV/480V  delta-wye 
transformer.  This  involved  injecting  a  quasi-dc  current  directly  into  one  phase  of  the  secondary  of 
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the  transformer.  Although  it  is  impossible  to  relate  this  excitation  configuration  to  that  which 
would  be  found  for  E3  excitation,  this  experiment  did  provide  evidence  that  the  power 
transformer  can  be  saturated  by  a  MHD-EMP  event. 

Although  this  test  was  short  in  duration  and  limited  in  scope,  a  number  of  useful 
accomplishments  were  noted.  However,  since  the  test  involved  only  a  single  facility,  care 
should  be  used  in  applying  these  test  observations  and  conclusions  to  other  facilities.  Clearly, 
additional  testing  is  required  to  increase  the  confidence  in  the  "lessons  learned"  fi'om  the  test. 
From  the  results  of  this  E3  test,  the  foUoMwng  observations  were  made: 

•  An  E3  test  on  an  active  facility  can  be  conducted  safely,  with  only  a  minimal  disruption  of 
the  normal  actiwties  vdthin  the  facility. 

•  200  A  of  quasi-dc  current  injected  on  the  exterior  of  a  shielded  facility  did  not  affect  (i.e., 
disrupt  or  damage)  internal  electrical  equipment. 

•  The  requirement  that  there  be  an  isolation  zone  of  two  times  the  largest  facility  dimension 
appears  to  be  too  strict  for  the  case  of  the  Olney  facility  from  several  standpoints.  The 
requirement  that  the  E3  current  flowing  over  the  facility  be  reduced  by  a  factor  of  10 
appears  to  be  far  too  large,  as  a  direct  injection  of  the  simulated  E3  current  provided  only 
barely  measurable  internal  responses.  In  addition,  the  actual  E3  current  flowing  fi’om  a 
long  line  into  an  earth  grounding  electrode  utilized  in  an  isolation  scheme  will  be  reduced 
fi'om  that  of  the  current  on  the  line  connected  directly  to  the  facility.  This  is  due  to  the 
added  footing  resistance  of  the  electrodes.  It  is,  however,  difficult  to  generalize  these 
observations  to  all  ground-based  facilities. 

•  E3  signals  picked  up  from  the  external  ground  currents  and  conducted  along  water  and 
sewer  pipes  into  the  facility  appear  to  be  negligible.  An  examination  of  the  utility  pipes 
indicated  that  they  were  in  direct  electrical  contact  with  the  facility  enclosure,  yet  no 
internal  responses  on  such  conductors  could  be  measured. 

•  Externally  applied  E3  stress  to  the  system's  exterior  did  not  affect  the  480/240  V  power 
system. 

•  Transformers  with  a  delta-grounded  wye  configuration  provide  an  effective  means  of 
blocking  common  mode  excitations  firom  the  primary  feed  circuit. 
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•  The  13.2  kV/480V  transformer  provided  a  10:1  reduction  of  differential  mode  transients 
arising  from  the  E3  stress  injected  directly  onto  the  power  system. 

•  A  phase-to-neutral  current  injection  in  the  transformer  secondary  of  the  13.2  kV/480V 
transformer  produced  a  small  amount  of  transformer  saturation.  However,  this  type  of 
excitation  is  unlike  the  E3  excitation  expected  for  a  facility  or  power  system.  The  E3 
excitation  of  transformers  in  a  facility  will  be  of  concern  when  the  high-voltage  side 
(primary)  of  the  transformer  has  a  grounded  wye  configuration  and  a  dc  current  can  flow 
from  the  earth,  through  the  transformer  primary,  and  back  to  an  earth  return  at  a  distant 
substation.  In  this  case,  the  E3  pulser  should  be  located  in  series  with  the  ground  neutral 
connection  of  the  transformer.  This  eliminates  the  need  for  pulser  isolation  circuitry  and 
multiple  E3  pulsers  for  each  phase  conductor  of  the  power  system. 

•  The  design  of  future  E3  pulsers  for  current  injection  through  the  earth  should  be  more 
robust  to  account  for  the  large  (~  50  Q)  footing  resistance  of  earth  electrodes. 


4.4  MHD-EMP  TESTING  ON  POWER  DISTRIBUTION  TRANSFORMERS. 

In  June  of  1990,  an  experimental  program  was  conducted  at  the  Mission  Research 
Corporation  (MRC)  in  Albuquerque,  NM,  in  order  to  understand  the  behavior  of  distribution- 
class  transformers  subjected  to  quasi-dc  current  excitation  [3].  For  this  experimental  program, 
OKNL  was  the  lead  organization,  with  assistance  being  provided  by  ORNL  subcontractors, 
MRC,  and  the  Public  Service  Company  of  New  Mexico. 

This  test  involved  constructing  a  mock-up  of  a  simple  three-phase  12.47  kV 
distribution  system  using  two  distribution-class  transformers  and  a  dummy  three-phase  load 
bank,  as  shown  in  Figure  4-10.  This  system  was  fed  by  local  commercial  powc.. 
Measurements  on  this  system  were  made  with  the  following  specific  objectives  in  mind: 

1 .  To  determine  the  effect  of  quasi-dc  currents  on  the  operation  of  three-phase 
transformer  banks. 

2.  To  measure  voltage  and  current  harmonics  within  the  system  and  at  the  loads. 

3.  To  assess  the  importance  of  the  quasi-dc  current  duration. 
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4.  To  determine  the  change  in  rea^e  power  denumd  as  a  fiinction  of  quasi-dc 
currents. 

5.  To  determine  if  low  levd  quasi-dc  currents  and  the  distorted  ac  current  can 
cause  primary  fiises  to  blow. 


Objectives  1,  2  and  4  were  determined  directly  from  the  data  taken  in  these 
measurements,  ii^e  objectives  3  and  5  are  determined  frx>m  imerpretations  of  the  data.  Given 
the  knowledge  of  the  MHD-EMP-induced  current  flowing  in  a  long  power  line,  and  the 
transformer  re^nse  characteristics  measured  in  this  test,  it  is  possible  to  nuke  estimates  of 
the  behavior  of  the  electrical  power  distribution  system  to  the  E3  environment 

The  main  part  of  the  data  acquisition  system  for  this  test  involved  12  simultaneous 
voltage  and  current  measurements  on  the  phase  conductors  of  the  system  using  a  digital  strip 
chart  recorder  i)diich  wu  controlled  by  a  desk-top  computer.  The  quantities  measured  were 
the  line-neutral  voltages  on  the  12.47  kV  side  of  transformer  T2,  the  corresponding  phase 
currertts  on  two  of  these  high  voltage  lines,  the  line-neutral  voltages  and  currents  on  the  three 
phase  conductors  on  the  output  Ooad)  side  of  T2,  and  the  transformer  neutral  current.  The 
measurement  equipment  configuration  is  shown  in  Figure  4-11. 

For  each  test,  the  irqxit  voltage,  current  and  power  were  also  monitored  by  a  power 
meter,  which  provided  readings  ofthese  quantities  on  a  data  tape.  These  quantities  served  as  a 
chock  of  the  overall  operation  of  the  system,  and  provided  an  additional  means  of  correcting 
the  V  and  1  measurements  on  the  high  voha^  portion  of  the  lines  so  as  to  insure  that  a  power 
balance  is  achieved. 

As  an  example  of  measured  results,  Figure  4-12  presents  typical  line  currems  on  the 
12.47  kV  primary  sections  of  transformer  T2  for  configuration  la.  Case  "a”  shows  the  normal 
phase  currem  with  no  dc  curretit  injection  into  the  neutral,  and  exhibits  a  reasonably  clean  60 
Hz  sinusoidal  waveform.  Case  "b",  on  the  other  hand,  illustrates  a  highly  perturbed  waveform, 
arising  frtim  the  saturation  of  the  transformer  cores  due  to  about  5.5  A  dc  current  injection  into 
the  transfrirmer  neutral. 
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a.  TmI  eonflouration  1A 


T1  >  T2 _  load 


b.  TMt  eonflgtifatioa  IB 


Figure  4-10.  Transfonnar  fast  confiouratioiM. 
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Tlm«  (Sac) 
a.  Ne  tfc  Mcitation 


b.  S^Adeaxcitatioii 


Figun  4-12.  Maasurad  currant  on  tha  primary  of  transformar  T2  for 
configuration  1A. 
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Figure  4*13  shows  the  corresponding  results  for  the  phase  currents  on  the  secondary 
208  V  side  of  the  grounded  wye  transformer.  Cleariy  the  harmonics  pass  directly  through  the 
transformer  without  significant  attenuation. 

These  high  harmonics  in  the  transformer  current  might  cause  serious  problems  to  the 
power  system.  Figure  4-14  shows  the  Fourier  q^ctra  of  the  transient  line  currents  of  Hgure  4- 
12.  It  is  obvious  that  the  higher  harmonics  of  the  60  Hz  power  firequency  are  enhanced  by  this 
dc  current  iryection.  A  summary  of  the  harmonic  distortion  caused  in  this  system  is  shown  in 
Figure  4-lS  in  the  form  of  a  bar  chart  This  shows  the  second  (lc^  120  Hz)  and  higher 
harmonics  contained  in  the  current  in  the  primary  of  transformer  T2  as  a  fimction  of  the  dc 
current  iryection  levd. 

One  effect  of  a  large  harmonic  content  in  the  line  current  is  in  an  increased  reactive 
power  demand  that  is  placed  on  the  power  generafion  equipment  Hgure  4-16  illustrates  the 
measured  increase  in  reactive  power  fed  into  the  transformer  system,  shown  as  a  fimction  of 
the  dc  current  iryectiorL  This  is  shown  for  both  small  and  large  values  of  dc  current  injectioa 
For  the  injection  of  dc  currents  below  about  0.1  amps,  the  transformer  contimies  to  operate 
more  or  less  linearly,  with  no  increase  in  the  reactive  power  demand.  However  for  currents 
above  this  value,  the  reactive  power  derrand  is  seen  to  be  a  linear  fimction  of  the  injected  dc 
current  levd. 

An  additional  quantity  of  interest  is  the  rdaxation  time  winch  is  daracteristic  of  the 
transformer/ioad  system  Normally  this  is  a  fimction  of  the  dynamic  transformer  inductance 
and  resistance,  as  well  as  the  load  resistance  values,  and  can  have  values  on  the  order  of  many 
seconds.  This  quantity  was  indirectly  measured  fiom  the  changes  in  the  envdopes  of  the 
transformer  currents  as  the  dc  exdtation  was  switched  on  and  off  Figure  4-17  shows  an 
envdope  curve  of  the  60  Hz  current  flowing  into  T2  as  the  dc  hyection  is  turned  off  and  that 
turned  on  agaiiL  In  this  figure,  the  finite  time  that  it  takes  the  system  to  change  its  state  is 
evident.  As  might  be  expected,  this  system  relaxation  time  is  a  nonlinear  fimction  of  the  dc 
injection  levels.  Figure  4-18  presents  the  observed  system  rdaxation  time  as  a  fimction  of  the 
dc  injection.  This  figure  indicates  that  the  injected  dc  causes  the  system  to  react  more  nq)idly 
than  would  be  expected  in  the  case  of  no  dc  exdtation  of  the  transformo-  neutrals.  For 
currents  typical  of  an  MHD-EMP  exdted  liim  (about  100  AX  it  is  ejqrected  that  the 
transformers  in  this  system  will  saturate  in  times  less  than  O.S  seconds. 
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ngura4-13.  Moasund  currant  on  ttw  sacondary  of  banatoiroar  T2  fbr 
configuration  1A. 
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Figura  4-14.  Examplas  of  computad  apactra  for  ttia  niaaaurad  raaponaaa 
of  Figura  4-12. 
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ngura  4-16.  M«uurad  hamonic  eontant  in  primaiy  orT2for 

configuration  1A  with  diflcrant  iovolc  of  dc  iqioction. 
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Figura4-16.  MMSuradraaetivo  power  demand. 
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RQuri4*17.  Envelop*  curve  of  60  Hz  ftfMMCumnt  for  eonflguntloni A. 
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Figure  4-18.  System  leiaxation  time. 
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The  measurements  made  during  this  experiment  answered  most  of  the  objectives  of  the 
test.  If  the  dc  injection  is  limited  to  the  primary  side  of  the  transformer,  the  majority  of  the 
effects  are  seen  in  the  primary  circuit.  However,  the  harmonic  distortion  at  lower  order 
harmonics  will  be  passed  through  the  grounded  wye  primary  to  the  secondary  with  potentially 
adverse  effects  on  the  connected  load.  A  delta  coimected  transformer  will  reduce  the 
harmonics  that  are  passed  from  the  primary  circuit  to  the  secondary,  since  it  will  not  pass 
common  mode  harmonics.  However,  differential  mode  harmonics,  known  in  the  power  system 
community  as  positive  and  negative  sequence  harmonics,  will  pass  through  the  delta  winding 
transformer. 

In  addition,  this  test  showed  that  with  sufficient  dc  injection,  the  generator  supplying 
the  transformers  is  subjected  to  a  very  high  reactive  power  demand.  The  possibility  that  the 
added  reactive  power  load  would  result  in  the  blowing  of  fuses  on  the  primary  circuit  appears 
to  be  a  real  concern. 

Transformer  damage  is  very  dependent  on  the  dc  injection  level  and  duration  and  the 
core's  magnetic  history  and  thermal  performance.  During  this  experiment  there  was  no 
apparent  damage  to  the  test  transformers  from  the  series  of  multiple,  10-15  second  tests  at 
various  dc  injection  levels.  The  thermal  mass  of  coolant  in  the  test  transformer  was  so  large 
that  several  minutes  of  injection  at  saturation  level  would  have  been  required  to  have  caused 
physical  damage;  hence,  there  would  no  expected  damage  during  a  10  - 15  second  test. 
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SECTIONS 

MH1>-£MP  MITIGATION  METHODS 

S.1  GENERAL  CONSIDERATIONS. 

The  protectioD  of  ground-based  fiictiities  against  the  efbcts  of  MHD-EMP  uses 
measures  that  are  different  from  those  used  fiv  jvotecdng  against  the  eariy-time  E|  HEMP. 
This  is  due,  in  part,  to  the  very  bw  frequency  content  of  the  E3  environment  At  sut*Hertz 
frequencies,  a  studded  fiidlity  becmnes  more  or  less  tran^iarent  to  the  current  induced  <»  its 
exterior.  The  applied  MHD-EMP  current  will  divide  according  to  die  various  dc  resistance 
paths  within  the  system,  and  a  pwtion  may  flow  into  the  interior.  Thus,  the  global  shidding 
concqit  that  is  conmxmly  used  for  the  E|  hardening  is  not  strictly  i^plicabb  for  the  Ej 
environment 

An  additiond  important  fector  to  be  noted  fiv  the  E3  protection  is  the  feet  that  a  large 
charge  transfer  is  involved  m  the  MHD-EMP  current  (mi  the  order  of  29  Idlocoulonbs—  about 
100  times  that  of  a  severe  li^itning  flash).  Moreover,  this  occurs  with  modest  open-circuit 
voltages  (only  a  few  kV).  It  is  fiiasiUe  to  consider  interrupting  the  MHD-EMP  current  and 
holding  oflT  the  open-circuit  voltages.  Sudi  a  current  intenuptbn  has  the  decided  advantage 
that  it  can  dhninate  the  sUdd  and  filter  transparency  problems  and  the  high-charge-transfer, 
low-voltage  surge  arrester  requirements.  Furthermore,  currem  interruption  can  often  be 
aefaiaved  with  existing  equqxnent,  audi  as  power  transfixmers. 

References  [2]  and  [6]  discuss  various  MHD-EMP  mitigation  methods  that  are 
available.  This  section  will  briefly  review  these  technkpirs  Generally,  to  mitigate  the  effects 
of  MHD-EMP  on  a  fedliry,  aU  long  oonductora  must  be  isolated  from  the  building  and  the 
commerdd  power  harmonics  and  voltage  swings  must  be  controlled.  A  power  transfer  switch 
within  the  fecility  would  be  expected  to  respond  to  the  voltage  fluctuations  u  long  as  the 
harmonics  hm  «  not  imerfered  with  the  switch  control  circuitry.  The  m^  sources  of  MHD- 
EMP  induced  currents  are  the  commercial  power  lines  and  neutral  conductors;  the  neutral 
current  indirectly  coupling  to  the  fecility  power  or  ground  system  via  external  current 
coOactors;  metd  water  pipes;  phone  lines;  and  other  bog  conductors  that  enter  or  coma  near 
the  fimility.  Grounded-wye/grouixled-wye  fecility  power  transfixmare  with  the  ground 
connected  to  both  the  utility  neutral  and  fecility  ground  wiD  permit  a  poitioo  of  the  MHD-EMP 
current  to  enter  the  fecility.  The  mi^  source  of  harmonics  can  be  the  commercial  power 
system. 
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5.2  MinGATION  TECHNIQUES  FOR  COMMERCIAL  POWER. 

The  power  distribution  line  serving  a  facility  is  expected  to  be  a  principal  source  of 
MHD-EMP-induced  current.  The  power  transformer  neutral  and  neutral  conductor  are 
typically  grounded  at  the  distribution  substation,  which  may  be  tens  of  kilometers  away.  If 
they  are  also  grounded  to  the  facility  shield,  a  path  into  the  facility  via  the  facility  ground  is 
established.  However,  if  the  distribution  neutral  is  terminated  some  distance  away  from  the 
facility  and  a  delta-cormected  primary  is  used  for  the  distribution  transformer  serving  the  site, 
the  MHD-EMP  current  can  be  interrupted.  This  scheme  is  illustrated  in  Figure  5-1.  The  delta- 
connected  transformer  primary  is  an  open  circuit  to  the  common-mode  MHD-EMP  current  on 
the  distribution  system  is  perfectly  balanced,  the  MHD-EMP  current  will  be  completely 
blocked  by  the  delta  primary  windings.  The  delta-connected  primary  will  also  reduce,  but  not 
completely  eliminate,  the  power  frequency  harmonics  that  enter  the  facility  from  the  power 
network. 

Even  if  the  system  is  not  perfectly  balanced,  the  transformer  does  not  pass  the  quasi-dc 
differential-mode  (line-to-line)  current  through  to  the  secondary  circuits.  The  MHD-EMP  is 
still  blocked  out  of  the  facility,  although  the  line-to-line  current  in  the  delta  primary  may 
generate  60  Hz  harmonics  in  the  transformers  that  are  coupled  through  the  transformer  to  the 
secondary  circuits.  However,  the  delta  winding  will  provide  some  protection  against  harmonic 
distortion  generated  elsewhere  in  the  distribution  system,  since  it  will  not  pass  zero-sequence 
harmonics.  Other  harmonic  protection  measures  are  discussed  later  in  this  section. 

To  estimate  the  separation  needed  between  the  facility  and  the  point  where  the 
distribution  neutral  is  grounded,  ref  [17]  analyzed  the  current  flowing  into  a  conducting 
hemisphere  immersed  in  earth,  as  shown  in  Figure  3-12  of  the  present  report.  To  limit  the 
current  through  the  sphere  to  10  percent  of  the  total  injected  current,  the  distance  to  the 
injection  points  must  be  about  four  times  the  radius  of  the  sphere.  This  was  used  to  estimate 
the  separation  between  long  lines  and  the  facility  shield  illustrated  in  Figure  5-1.  Taking  the 
largest  dimension  of  the  shield  to  be  2a  (the  shield  is  \aewed  as  a  conducting  sphere  of  radius 
a),  the  neutral  and  other  long  conductors  must  be  grounded  a  distance  d  =  4a  from  the  facility 
to  limit  the  shield  current  to  10  percent  of  the  MHD-EMP  current.  This  result  was  used  to 
develop  the  protection  guidelines  described  in  ref  [6]. 

The  recent  measurements  at  the  Olney,  MD,  FEMA  facility  have  cast  some  doubt  on 
the  necessity  of  requiring  this  isolation  of  the  neutral  conductor.  According  to  a  more  detailed 
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analysis  of  tiu  curt^  reduction  scheme  in  [4],  it  was  found  that  the  overall  current  reduction 
is  strong  dq>endent  on  the  grounding  resistance  and  the  length  of  the  line.  Thus,  no  sin^e 
value  can  be  provided  fisr  the  required  conductor  isolation,  although,  for  standardization 
purposes,  a  single  value  is  preferred.  Reference  [4]  illustrates  the  required  normalized  isolation 
distance  d/a  for  different  combinations  of  line  length  and  resistance  parameters.  Values  range 
from  d/a  w  4  to  d/a  *  1  0-e.,  in  almost  direct  contact),  dqiending  of  the  parameters  of  the 
problem.  As  the  Olney  site  was  not  the  best  fitdlity  for  evaluating  this  effect  (due  to  its  large 
shidd  and  few  low-resistance  internal  current  paths),  tins  issue  cannot  be  resdved  at  this  time. 
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Rgure6-1.  Rscommsndsd  power  system  design  practicss  for  the 
primary  distribution  power  line  configuratinn. 


An  issue  that  deserves  additional  attention  is  the  requiremem  that  the  current  collected 
by  the  facility  must  be  reduced  by  a  factor  of  10  from  that  occurring  if  the  lines  were  directly 
connected  to  the  facility  exterior.  This  requirement  wu  based  on  the  fact  that  under 
conditions  of  a  small  shield  cross-section  and  a  low  resistance  internal  path,  the  internal 
magnetic  fields  might  be  large  enough  to  erase  plated-wire  memories  in  internal  facility 
equipmem.  Before  this  requirement  is  codified  imo  a  protection  standard,  additional  work 
should  be  undertaken  to  better  define  this  requirement.  In  the  £3  test  conducted  at  the  Olney 
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facility,  a  quasi-dc  current  of  200  A  was  directly  injected  onto  the  system  enclosure  and 
internal  current  responses  were  measured  to  be  only  a  few  amperes  [4].  No  system  upset  or 
failures  were  reported.  However,  as  previously  mentioned,  the  Olney  facility  may  have  not 
been  optimal  for  observing  such  effects,  due  to  its  physical  and  electrical  configuration. 

Furthermore,  in  the  Olney  test  when  the  current  injection  electrode  was  moved  from 
the  system  to  a  point  a  few  meters  away  and  connected  to  the  earth  by  a  long  electrode,  the 
injected  current  dropped  to  about  30  A.  For  this  case,  no  internal  responses  could  be  noted. 
This  marked  drop  in  the  injected  current  level  illustrates  the  effect  that  the  increase  in 
grounding  resistance  has  on  the  E3  current,  and  suggests  that  real  facilities  may  have  an 
injected  E3  current  level  that  is  significantly  smaller  than  a  "worst  case"  current  specification. 
Of  course,  this  condition  is  not  assured  in  a  real  system. 

Thus,  although  a  requirement  for  a  grounding  isolation  has  been  suggested  for  MHD- 
EMP  mitigation,  it  is  still  not  clear  exactly  how  strict  this  requirement  should  be.  It  remains  an 
issue  to  be  resolved.  However,  if  a  factor  of  10  reduction  of  the  external  facility  current  is 
assumed  and  realistic  parameter  limits  are  use,  the  isolation  requirement  can  be  substantially 
reduced.  The  grounding  resistance  RfOf  a  typical  ground  rod  (a  =  0.25  inches  radius,  L  =  8 
feet  length)  is  given  approximately  in  [21]  as 


Rf 


27tL  \  ^  ) 


(5-1) 


where  p  is  the  ground  resistivity  in  Q-m.  For  p  =  100  Q-m,  Rf  »  43  £^.  For  larger  values  of 
the  ground  resistivity,  the  resistance  iJyhas  a  larger  value.  Thus,  43  fi  is  near  the  lower  limit 
for  grounding  resistance  of  a  single  rod  grounding  system. 


The  other  parameter  of  importance  in  determining  the  level  of  induced  MHD-EMP 
current  is  the  line  length.  While  residential  distribution  circuits  can  be  on  the  order  of  50  km  in 
length,  residential  and  industrial  circuits  longer  than  30  km  are  rare.  Thus,  the  E3-indueed 
currents  on  these  circuits  will  probably  be  much  smaller  than  on  the  longer  transmission  lines. 


For  Rf  =  43  Q,  a  line  length  L  *=  30  km,  and  taking  into  account  the  reduction  in  the 
MHD-EMP  induced  current  due  to  the  multiply  grounded  neutral  (providing  a  reduction  factor 
of  about  15  %),  the  required  d/a  ratio  can  be  shown  to  be  on  the  order  of  two.  Since  buried 
conductors  in  contact  with  the  soil  provide  about  a  factor  of  ten  reduction  of  MHD-EMP 
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induced  current  over  that  in  above-ground  lined,  it  is  only  necessary  to  isolate  metal  pipes,  etc. 
from  grounded  neutrals  by  the  same  isolation  oiterion.  Figure  S-2  illustrates  a  more  relaxed 
isolation  requirement. 

The  isolation  of  the  distribution  neutral  and  the  delta  connected  primary  protect  the 
fiunlity  from  the  MHD-EMP.  To  protect  the  transformer  and  undergrouiui  cable  from  Ej, 
li^xtning  on  the  power  line,  and  other  surges,  and  the  cable  terminators  at  the  last  pole  must  be 
provided  with  surge  arresters  connected  to  a  low  resistance  ground  such  as  a  multiple  ground 
rod  system.  The  fodlity  transformer  should  be  protected  with  MOV  surge  arresters  that  do 
not  remain  conducting  after  Ej  and  £3,  so  that  they  are  wmconducdng  during  E3  (this  should 
not  be  a  problem,  snce  the  distribution  voltage  is  usually  at  least  a  fow  kV).  Figure  S-3  shows 
the  surge  arresters  at  the  transformer  terminals. 

To  protect  against  a  fault  in  the  primary  windii^  to  ground  or  to  the  secondary 
winding,  fut-acdng  fuses  or  other  overcurrent  protection  should  be  provided  for  safety  and  to 
prevem  the  MHD-EMP  current  from  entering  the  fiwility  on  the  ground,  secondary  neutral,  or 
phase  conductors.  These  are  shown  inside  the  transformer  in  Figure  5-3,  but  they  may  be 
either  inside  or  outside  the  transformer. 

For  a  large  facility  connected  to  a  subtransmission  line,  deha/grounded-wye 
transformers  are  normally  used  in  distribution  substations  and  large  industrial  loads.  To 
prevent  geomagnetically  induced  currents  on  the  subtransmission  line,  a  radial  or  loop 
configuration  with  power  supplied  by  one  bulk  power  transfimner  at  a  time  be  used. 
The  subtransmission  line  should  be  configured  as  a  unigrounded  system  to  reduce  harmonic 
distortion  and  voltage  suppression  at  the  subtransmission  level.  Small  fiidlities  may  use  single 
phase  power.  For  single  phase  service,  a  delta  distribution  type  arrangement  can  be  employed. 
The  two  phases  connected  to  the  primary  winding  of  the  facility  transformer  should  be 
balanced  in  a  similar  manner  u  that  described  for  a  three  phase  delta  systeriL  If  an  imh«liinp.#> 
condition  exists,  some  E3  currents  will  flow  in  primary  winding. 

For  small  facilities  with  power  requirements  of  500  kVA  or  less,  100%  power  line 
isolation  can  be  achieved  by  a  rotary  power  conditioner  consisting  of  a  motor,  flywhed, 
dielectric  shaft,  and  a  synchronous  generator  as  shown  in  Figure  5-4.  For  a  500  kVA  rated 
c^radty,  the  installed  cost  is  about  S130,000.  Tins  approach  will  provide  HEMP  protection 
and  also  meet  TEMPEST  requirements. 
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LAST  POLE  POTHEAD  AND 

SURGE  ARRESTORS 


GREATEST  FACILITY  DIMENSION 


a.  Primary  distribution  power  line  configuration 


BURIED  METAL 


b.  Isolation  zone  around  the  power  line  neutral  ground  for  p  ^ 
100  n*m  and  L  ^  30  km. 


Figure  5-2.  Modified  recommendations  for  power  system  design 
practices. 
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Figim  84.  RacomriMficltd  powar  tytlMn  dMign  piwtleM  for  tha  fteiUty 
powar  transformar. 


Figufa8-4.  Arotafypowarcondttionar. 
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5.3  OTHER  CONDUCTORS. 


The  telephone  cable,  water  pipes,  and  local  power  and  control  cables  that  enter  the 
facility  are  potential  means  of  transmitting  MHD-EMP  currents  to  the  building.  All  above¬ 
ground  intersite  conductors  should  approach  the  facility  from  the  same  side  and  be  electrically 
isolated  from  the  facility.  A  portion  of  the  telephone  cable  should  be  replaced  by  a  fiber  cable 
as  shown  in  Figure  5-5.  Plastic  water  pipes  can  be  used  in  place  of  metal  pipes  and  all  external 
power  should  be  separate  from  the  facility.  If  metal  pipes  are  used,  they  should  be  isolated 
from  the  power  system  ground  as  shown  in  Figure  5-2b.  Fiber  optic  cables  should  be  used  for 
instrument  and  control  functions  such  as  the  gate  control,  gate  telephone,  surveillance  cameras, 
etc.  The  grounds  of  external  equipment  and  metal  objects  should  be  connected  to  the 
commercial  power  ground  and  kept  well  separated  from  the  facility  ground.  The 
recommended  design  practices  for  these  conductors  are  shown  in  Figure  5-5.  These 
recommendations  may  be  relaxed  after  further  study. 

Communication  cables  should  be  also  be  converted  to  fiber  optic  cable  to  shown  in 
Figure  5-5.  If  the  communication  cable  is  critical  to  the  facility,  the  power  supply  for  fiber 
optic  converter  must  be  protected.  The  converter  must  be  provided  with  its  own  protected 
supply,  or  it  must  be  supplied  with  protected  power  from  the  facility.  In  the  latter  case, 
precautions  must  be  taken  to  prevent  MHD-EMP  (and  other  components)  from  entering  the 
facility  on  these  power  leads.  Small,  single  phase  isolation  transformers  With  protection 
features  similar  to  those  in  Figure  5-2a  may  be  used  to  supply  power  to  the  converter. 


METAL  SECURITY  FENCE  SHOULD  NOT 
OUTDOOR  LIGHTING  /  GROUNDED  TO  FACILITY  GROUND. 


CONVERTER  isolation  distance  ftom  the  utility  ground  METAL  OR  PVC 


is  a,  where  a  is  the  (acillty  radius. 


Figure  5-5.  Recommended  design  practice  for  non-power  line 
conductors. 
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5.4  PROTECTION  AGAINST  HARMONICS. 


To  protect  fiidlities  from  the  possible  hannfiil  effects  of  harmonic  distortion  on  the  60 
Hz  power  resulting  from  MHD-EMP  or  severe  solar  geomagnetic  storms  causmg  saturation  in 
transformers  throughout  the  power  system,  harmomc  filters  could  be  used.  However,  due  to 
the  large  number  of  possible  harmonics  ranging  frxmi  the  second  to  the  twelfth  hannonic  of  jie 
60  Hz  power,  an  effective  harmonic  filter  would  be  difficult  to  design  and  rdativd*  ->pensive 
to  construct.  A  anq>ler,  less  costly  approach  is  to  isolate  the  fedlity  firom  tlv*  ii'r^uubance  by 
detecting  the  harmonics  and  activating  a  power  transfer  switdL  This  met  hod  of  providing 
protection  again<tt  harmonics  is  shown  in  Figure.  5-6.  Commercial  harmonic  detectors  that  can 
ntonhor  up  to  the  16th  harmonic  of  the  60  Hz  fundamental  frequency  are  available  at  a  cost  of 
about  S1200  [20]. 

Although  h  has  been  verified  that  saturation  of  power  transformers  can  occur  with  dc 
current  injection  levels  comparable  with  those  predicted  for  MHD-EMP  excitation  [4],  [21]  the 
effects  of  such  harmonics  on  critical  loads  within  &ci!ities  remain  largely  unknown.  Harmonies 
are  known  to  have  caused  malfunctioos  in  solid  state  devices,  motors,  disk  drives,  etc.  [22], 
[23].  Consequently,  harmonic  effects  on  systems  remains  an  open  issue. 
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Figure  54.  Protection  against  harmonies. 
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SECTION  6. 
CONCLUSIONS 


6.1  SUMMARY. 

MHD-EMP  is  a  phenomena  similar  to  that  caused  by  solar  storms,  except  that  the 
geomagnetic  disturbance  is  much  more  intense  and  occurs  over  a  shorter  period  of  time.  In 
this  report,  the  MHD-EMP  environment,  various  coupling  models  and  the  results  of  several 
experimental  simulations  of  this  environment  are  summarized.  More  detailed  information  is 
available  from  the  original  ORNL  reports.  Results  of  these  studies  suggest  that  MHD-EMP 
may  affect  the  commercial  power  system  by  causing  severe  harmonic  distortion,  voltage 
swings,  increased  reactive  power  demand,  and  ultimately,  system  imbalance  necessitating 
shutdown. 

The  effects  of  harmonics  and  quasi-dc  penetration  into  facilities  that  contain  motors, 
computers,  communication  systems,  and  other  electronic  systems  is  presently  unknown.  The 
results  of  one  test  on  a  large,  heavily  shielded  facility  indicate  that  quasi-dc  currents  up  to  200 
A  on  the  facility  exterior  appears  not  to  be  a  problem.  Nevertheless,  the  protection 
requirements  developed  early  in  this  project  assumed  that  this  current  should  be  reduced  by  a 
factor  of  10.  This  may  be  a  conservative  requirement,  and  due  to  the  potentially  large  cost 
implications  of  constructing  facilities  to  meet  this  requirement,  this  issue  deserves  additional 
study. 


This  report  also  summarizes  a  number  of  MHD-EMP  protection  guidelines  for  ground- 
based  facilities.  Such  facilities  can  be  proterted  against  MHD-EMP  effects  by  isolating  long 
conductors  from  the  building,  using  the  power  distribution  transformer  as  a  barrier  to  E3 
power  line  currents,  and  addressing  the  harmonics  generated  by  saturated  transformers. 
Although  many  computers  and  electronic  systems  seem  to  be  immune  to  harmonic  distortion, 
harmonics  can  cause  problems  with  computer  disk  drives,  motors,  viewing  screens,  and 
electronic  systems  with  special  tuning  circuits.  The  effects  of  harmonic  distortion  of  the 
commercial  power  system  on  critical  facilities  is  not  known.  If  harmonics  are  a  problem,  it 
appears  that  the  most  cost  effective  method  of  protecting  against  harmonics  is  to  detect  the 
presence  of  extreme  harmonic  distortion  and  switch  the  facility  to  auxiliary  power. 
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6^  recommendations  for  mhd>emp  mitigation  methods. 

The  protection  recommendations  in  this  report  are  based  on  the  assumptim  that  a 
fimtor  of  ten  reduction  of  the  MHD-EMP  induced  current  at  the  fiuility  shield  is  necessary. 
This  assumption  may  be  overly  conservative.  Nevertheless,  for  most  installations  where  (1)  the 
ground  resistivity  p  ^  100  O-m,  and  (2)  the  conductor  length  L  is  restricted  to  be  L  ^  30  km, 
the  recommended  mitigation  methods  are  within  standard  eni^eering  practices.  The  spedfic 
mitigation  recommendations  are  summarized  as  follows: 

1.  The  ftcility  transformer  should  have  a  three*pbase  ddta  winding  on  the  primary  0.e.,  the 
utility)  side  of  the  transformer. 

2.  The  power  line  neutral  should  be  terminated  and  grounded  at  the  last  utility  pole  before 
entering  the  focility.  This  last  pole  should  be  at  least  a  distance  a  fiom  the  fodlity  power 
transformer,  D^iere  a  is  one  half  of  the  longest  dimension  of  the  fadlity  Q.e.,  the  fodlity 
"radius”).  The  power  line  (three  conductors  for  a  three>phase  system)  should  be  connected 
to  the  ftcility  power  transformer  by  an  underground  cable  in  a  PVC  conduit.  The  cable 
terminators  at  the  power  pole  should  be  protected  by  MOV  surge  arrestors. 

3.  If  a  grounded-wye  secondary  is  used  for  the  ftcility  transformer,  it  should  be  grounded  to 
the  ftcility  ground.  The  tran^rmer  case  shmrld  be  grounded  in  the  same  manner.  The 
secondary  main  power  cable  should  enter  the  ftcility  in  a  metal  conduit  which  is  connected 
to  the  ftdiity  shield.  The  primary  of  foe  ftdEty  power  foould  be  protected  against 
lightning  and  Ej-induced  transients  by  MOV  arrestms  and  fines. 

4.  Buried  conductors  such  as  metal  pipes,  lines  to  the  security  gate,  etc.,  should  be  restricted 
firrm  the  last  power  pole  by  an  isolation  zone  of  radius  a  or  greater. 

5.  Telephone  and  other  com ouinications  lines  should  use  a  fiber  optics  cable  without  metal  for 
a  distance  a  or  greater  fiom  foe  ftcility. 

6.  For  cases  of  low  resistance  where  p  <  100  Q-m,  or  for  very  long  power  distribution 
lines  where  L  >  30  liii.  the  more  restrictiw  reconumndations  of  [2]  may  be  required. 
Alternatively,  she-spad^x  protecuon  requirements  can  be  devdoped  using  the  coupling 
models  summarized  in  thii  report. 
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APPENDIX 


LIST  OF  ACRONYMS,  ABBREVIATIONS  AND  SYMBOLS 


A 

amperes 

ac 

alternating  current 

dc 

direct  current 

DNA 

Defense  Nuclear  Agency 

DoD 

U.  S .  Department  of  Defense 

DOE 

Department  of  Energy 

El 

the  early-time  HEMP  environment 

E2 

the  intermediate-time  HEMP  environment 

Es 

the  MHD-EMP  late-time  HEMP 

EMP 

electromagnetic  pulse 

ESA 

electric  surge  arrestor 

FEMA 

Federal  Emergency  Management  Agency 

GMD 

geomagnetic  disturbance 

H 

Henry 

HEMP 

high-altitude  electromagnetic  pulse 

Hz 

hertz 

I 

current 

kV 

kilovolts 

kVA 

kilovolts  times  amperes 

m 

meter 

MHD-EMP 

magnetohydrodynamic  electromagnetic  pulse 

MOV 

metal  oxide  varistor 

MRC 

Mission  Research  Corp. 

ORNL 

Oak  Ridge  National  Laboratory 

POE 

pomts  of  entry 

PVC 

polyvinyl  chloride 

S 

siemens  (Mhos) 

UPS 

uninterruptable  power  supply 

V 

volts 

VAR 

volts  X  amperes  reactive  (reactive  power) 

n 

ohms 
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DtSTfUBUnONUST 

ONA-TfMS-IM 


OVARTMENT  Of  OEFBME 

ARIlCO  FORCES  lUOIOeiCXOGY  RSCH  MST 
ATTN;  DRMRUkMMUERBHS 

ASS«TANTTO  THE  SECRETARY  OF  DEFENSE 
ATTN:  EXECUTIVE  ASSISTANT 
ATTN:  E  CHASE 

DEFENSE  N«0RMAT10N  SYSTBIS  AGENCY 
ATTN:  COMMANDER 

DEFB«£  MTEUJQENCE  AGENCY 
ATTN:  JRaiVe. 

ATTN:  DMM 

ATTN:  DT-5ARBURQBT 

ATTN:  VP-TPO 

DEFBSE  NUCLEAR  AQENC*/ 

ATTN:  OFNA 

ATTN:  RAAE  K  SCHWARTZ 
SCYATTN:  RAEE LTC R J LAUNSTEM 
ZCYATTN:  TITL 

DEFENSE  TECHNICAL  MFORMATK3N  CENTER 
2CYATTN:  DTCAX 

FCLD  COMMAND  DEFENSE  NUCLEAR  AGBCY 
2CYATTN:  FCTTWSHOUF 
2CYATTN:  NMOf  LT COL R QWYN 
ATTN:  TTTTLTCOLOWIRO 

NATIONAL  DBBISE  UNIVERSITY 
ATTN:  NWCO 

NET  ASSESSMENT 

ATTN:  DOCUMBIT  CONTROL 

US8STRATOCMU531T 

ATTN:  JPEMMAJJROOOMS 

OEFMTTMDfr  Of  THE  ARMY 

ARMY  RESEARCH  LARORATORCS 
ATTN:  TECH  US 
ATTN:  M  SMITH 
ATTN:  8LCHD-NW 
ATTN:  SLCHO^IW 

ATTN:  SLCHO^-CS  LOU  JASPER  JR 
ATTN;  SLCHOJAN-E  E  L  PATRCX 
2CYATTN:  8LCHCM«W-f  R L ATKMSON 
ATTN;  M.CHO-NW-EP 
ATTN:  SLCHOJRIFRP 
ATTN:  8LCHO-NW-TN 
ATTN:  8LCH04IW-TN0MBWB. 

ATTN:  W  PATTERSON 

OEP  CM  Of  STAFF  FOR  OPS  A  PLANS 
ATTN;  OAMOOOW 

NUCLEAR  EFFECTS  OIvniON 

ATTN;  STEWS^JMEASON 


PEOCOMMUMCAIXM 
ATTN:  JBOWOB4 
ATTN:  VPHHJJPUK 

U  S  ARMY  ATMOSPHERIC  SCIBICES  LAB 
ATTN:  SLCASJ^ 

U  S  ARMY  BALLISTIC  RESEARCH  LAB 
ATTN:  SLC8R-SS-T 
ATTN:  SLC8R-TBS0BULMASH 
ATTN:  SLCBR-VL 

U  S  ARMY  Ba.VOIR  ROSE  CTR 

ATTN:  STRBE-HWBIHCHBI 

U  S  ARMY  BIGMEBT  DIV  HUNTSVtlE 
ATTN:  CEHNO-SYJLOYD 
ATTN:  HNOEO^ 

U  S  ARMY  NUCLEAR  A  CHEMCAL  AGBICY 
ATTN:  MONAJRJ  A  RENNER 
ATTN:  MONANUDROBASH 

U  S  ARMY  SPACE  A  STRATEGIC  DEFENSE  CMO 
ATTN:  CSSO^ 

U  S  ARMY  STRATEQC  SPACE  A  DEI^4SE  CMD 
ATTN:  CSSOSAE 

U  S  ARMY  TEST  A  EVALUATION  COMMAND 
ATTN:  TECHNICAL  LMRARYSFf 

U  S  ARMY  WAR  COliEOE 
ATTN:  LPRARY 

US  ARMY  MATERML  SYS  ANALYSM  ACTVY 
ATTN:  AMXSY-CR 

OEPAWTMITOfTHElUVY 

NAVM.  AIR  SYSTBMS  COMMAND 
ATTN;  AMSIAI 

NAVAL  AIR  TEST  CaiTBI 
ATTN:  SYA4 

NAVAL  CML  BIQINEERMQ  LABORATORY 
A;TN;  L72JAAMS  BROOKS 

NAVAL  ELECTRONIC  BKUNaRMG  ACTIVITIES  PACIFIC 
ATTN:  SKUBA 

NAVAL  OCEAN  SYSTEMS  CBfTER 
ATTN:  CODE  124  WKOROaA 

NAVAL  POBTQRAOUATE  SCHOOL 
ATTN:  CODE  1424UBRARY 
ATTN:  XMARU>'AMA 
ATTN:  PROF  DONALD  L  WALTERS 

NAVAL  RESEARCH  LABORATORY 

ATTN:  CODE  5227  RESEARCH  R90RT 
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NAVAL  SEA  SYSTEMS  COMMAND 
ATTN:  J  GANN 
ATTN:  NAVSEA-05R24 

NAVAL  SURFACE  WARFARE  CENTER 
ATTN:  CODE  H23  J  PARTAK 
ATTN:  CODE  H25  G  BRACKETT 
ATTN:  CODE  R41 
ATTN:  CODE  425 
ATTN:  WO/H25  N  STETSON 

NAVAL  SURFACE  WARFARE  CENTER 
ATTN:  CODE  H-21 

NAVAL  UNDERWATER  SYSTEMS  CENTER 
ATTN:  CODE  3431  DAVID  S  DIXON 

OFFICE  OF  CHIEF  OF.NAVAL  OPERATIONS 
ATTN:  NOP  098 
ATTN:  NOP  551 
ATTN:  NOP  941 F 

ATTN:  NUC  AFFAIRS  &  INTL  NEGOT  BR 
ATTN:  N880E 

DEPARTMENT  OF  THE  AIR  FORCE 

AIR  FORCE  CTR  FOR  STUDIES  &  ANALYSIS 
•■''  ATTN:  AFSAA/SAI 

AIR  FORCE  SPACE  COMMAND 
ATTN:  DEES/D  C  DE  MIO 

AIR  FORCE  SPACE  COMMAND 
ATTN:  4SCS/DW 

AIR  UNIVERSITY  LIBRARY 
ATTN:  AUL-LSE 

BOLLING  AFB 

ATTN:  LEEEU  R  FERNANDEZ 

OKLAHOMA  CITY  AIR  LOGISTICS  CTR/TIES 
ATTN:  TIESW 1LT  A  POPOVICH 

SPACE  DIVISION/IN 
ATTN:  IND 

DEPARTMENT  OF  ENERGY 

UWRENCE  LIVERMORE  NATIONAL  LAB 
ATTN:  J  SEFCIK 
ATTN:  S  YOUNGER 

LOS  ALAMOS  NATIONAL  UBORATORY 
ATTN:  REPORT  LIBRARY 

OAK  RIDGE  NATIONAL  LABORATORY 

2CYATTN:  B  MCCONNELL 

2CYATTN:  E  VANCE 

2CYATTN:  FTESCHE 

2CYATTN:  R  BARNES 

SANDIA  NATIONAL  UBORATORIES 
ATTN:  TECH  LIB  3141 

U  S  DEPT  OF  ENERGY  IE-24 
ATTN:  J  BUSSE 


OTHER  GOVERNMENT 

FEDERAL  EMERGENCY  MANAGEMENT  AGENCY 
ATTN:  R  GATES 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 

ALLIED-SIGNAL,  INC 

ATTN:  DOCUMENT  CONTROL 

BDM  FEDERAL  INC 

ATTN:  ADV  SYSTEM  TECH  DIV 
ATTN:  EDORCHAK 

BDM  FEDERAL  INC 

ATTN:  B  TORRES 
ATTN:  LOHOEFT 
ATTN:  LIBRARY 
ATTN:  R  HUTCHINS 
ATTN:  B  PLUMMER 

BELL  HELICOPTER  TEXTRON,  INC 
ATTN:  HEINZ  FABER 

BOEING  CO 

ATTN:  D  GERMAN 
ATTN:  DEGELKROUT 
ATTN:  D  CHAPMAN 
ATTN:  FLENNING 

BOEING  TECHNICAL  &  MANAGEMENT  SVCS,  INC 
ATTN:  ARNOLD  D  BAKER 

B002  ALLEN  &  HAMILTON  INC 
ATTN:  D  VINCENT 
ATTN:  TJZWOLINSKI 

BOOZ-ALLEN  &  HAMILTON,  INC 
ATTN:  TECHNICAL  LIBRARY 

COMPUTER  SCIENCES  CORP 
ATTN:  A  SCHIFF 

E-SYSTEMS,  INC 

ATTN:  TECH  INFO  CTR 
ATTN:  WGETSON 

EG&G  SPECIAL  PROJECTS  INC 
ATTN:  J  GILES 

EG5G  WASH  ANALYTICAL  SVCS  CTR,  INC 
ATTN:  D  HIGHTOWER 

EG&G  WASH  ANALYTICAL  SVCS  CTR,  INC 
ATTN:  R  BRENT  JACOBS 

ELECTRO-MAGNETIC  APPLICATIONS,  INC 
ATTN;  TECH  LIBRARY 

FAIRCHILD  SPACE  COMPANY 
ATTN:  R CARPENTER 

FALCON  ASSOCIATES,  LTD 
ATTN:  T  NEIGHBORS 

GENERAL  ELECTRIC  COMPANY 
ATTN:  DTASCA 
ATTN:  J  KLISCH 
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OB^BUL  R^EARCH  CORP 
ATTN:  WNAUMMNN 

HONEYWGU  SYSTEMS  ft  RESEARCH  Ca<T» 
ATTN;  TCLARKM 

ITRKEARCH  MS71TUTE 
ATTN:  JSTANOa. 

SOrm/TE  KM  OB^BBE  ANALYSES 
ATTN:  CLASSnEOLBRARY 
ATTN:  TECHMFOSBTVSES 

JAYCOR 

ATTN:  CYRU8PKMOWLE8 
ATTN:  EWENAA8 
ATTN:  MSCMULTZJR 

JAYOOR 

ATTN:  EPETER80N 

KAMAN  SCCNCES  CORP 
ATTN:  CEKUMD 

KAMAN  8CCNCES  OORP 
ATTN:  OASIAC 
ATTN:  EOONRAO 

KAMAN  SCCNCCS  OORPORATTON 
ATTN:  OMCLEMORE 

SMMM  SCPCES  CORPORATION 
ATTN  OASMC 
ATTN  RRUTNERFORO 

KBARPOTTQUPANCt  AND  NAVWATON  OORP 
ATTN  JOSRSMMMU 

LITTCMSY8TBa.MC 
ATTN  JSKAOQS 

LOCmCED  MRSftjES  ft  SPACE  Oa  MC 
ATTN  GUM 
ATTN  TGCMSSnO  -  H 

LOCKMOD  SANDERS.  MC 

ATTN  SRSMOCARROQ 

LOQCON  R  ft  0  ASS0CUTE8 

ATTN  OOCUMBIT  CONTROL 
ATTN  OKSCMUEOCL 

LOOnSN  R  ft  0  A8SOCMTE8 
ATTN  f  OUMN 

UXMCON  R  ft  0  ASSOCIATES 
ATTN:  JPCASTUO 
ATTN  WSKEHRER 

LTV  AEROSPACE  ft  OBBISE  COMPMIY 
aCVATTN  USRARYEUftOS 

MCOONNEa  DOUGLAS  CORP 
ATTN  JWMOCORMAOr 

METATECH  CORP 
ATTN  CJONES 


MSSION  RESEARCH  CORP 
ATTN:  BIP  GROUP 
ATTN  JQUERT 
ATTN  NCARRON 
ATTN  NCARRON 
ATTN  TECHMPOCBITER 

MBSXM  RESEARCH  CORP 
ATTN  ACHOOOROIN 

MOSUN  RESEARCH  CORP 
Arr^  jujBEa 
ATTN  J SCURRY 

MREE  CORPORATION 

ATTN  UFIT2QERALO 

MmiE  CORPORATION 
ATTN  DWCCTOn 

PACBCBBWA  RESEARCH  CORP 
ATTN  HSROOE 

PHaTOMETRCS.MC 
ATTN  ILKOPSKY 

PHVSCS  MTERNATKMALOO 
ATTN  CGftAMN 
ATTN  CSTALLMQS 
ATTN  JNAPP 

PHYsnnoNsc 

ATTN  JHARPER 

PHVSfTRONSC 

ATTN  MARCH  ROSE 

RMOOORP 

ATTN  ENQRftAPPUB)SaBC£SDBT 
ATTN  TECHUBRARY 

RESEARCH  TRMNGLE  MSTm/TE 
ATTN  MSMONS 

ROCKWBX  NTBVMTTONAL  CORP 
ATTN  JCBV 
ATTN  PSEa 

ROCKHWX  NTERNAT10NAL  CORP 
ATTN  PBELL 

SCUSED 

ATTN  JKMGHTEN 
ATTN  UOYDOUNCAN 
ATTN  RW8TEWART 

SQBCS  ft  BIGRO  A8SOCUTE8,  MC 
ATTN  RMSMRH 

SCCNCE  APPUCATIONS  NTLCORP 
ATTN  JRET2LER 

SCCNCE  APPUCATIONS  MR.  CORP 
ATTN  JBEER 
ATTN  WAOAM8 
ATTN  WCHA08EY 
ATTN  WLAY80N 
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SCIENCE  APPLICATIONS  INTL  CORP  TRW  INC 

ATTN:  T  NEIGHBORS  ATTN:  LIBRARIAN 

SOL  TELECOMMUNICATIONS  SERVICES  UNISYS  CORPORATION-DEFENSE  SYSTEMS 

ATTN:  S  CURK  ATTN:  TECHNICAL  LIBRARY 


SRI  INTERNATIONAL 
ATTN:  E  VANCE 
ATTN:  WGRAF 

TELEDYNE  BROWN  ENGINEERING 
ATTN:  LEWIS  T  SMITH 
ATTN:  RONALD  E  LEWIS 

TRW 

ATTN:  MJ  TAYLOR 


UNITED  TECHNOLOGIES  CORP 
ATTN:  R  D  TOTTON 

WESTINGHOUSE  ELECTRIC  CORP 
ATTN:  D  CARRERA 
ATTN:  S  UKHAVANI 

FOREIGN 

DEFENCE  RESEARCH  ESTABLISHMENT  OTTAWA 
ATTN:  S  KASHYAP 
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